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INTRODUCTION 
The inherent advantages and chemical and nuclear 
problems associated with the thorium-uranium 233 fuel cycle 
employing a pyr©metallurgical reprocessing scheme for 
commercial atomic power production have been under 
consideration for some time (18, 21). Recently, research 
activity in this area has been increasing and basic data 
required to evaluate and develop this fuel cycle are 
rapidly becoming available (19, 20). 
A complete fused salt-liquid metal scheme for 
reprocessing spent fuel and blanket materials is under 
development at the Ames Laboratory. A flow diagram based 
on thermodynamic data (2-10) has been presented by previous 
investigators and is modified as shown in Figure 1 to 
emphasize its unit chemical processes. In this scheme, 
thorium is separated from uranium by selective dissolution 
of the thorium in magnesium. Thorium forms a low melting 
(mp 585° C) eutectic with magnesium which contains about 
4-0% thorium by weight. The solubility of uranium in this 
eutectic is very small, and at the melting point of 
uranium (1132° C), the uranium-rich liquid in equilibrium 
with the eutectic contains less than 1.0% thorium by weight 
(8). Impurities such as yttrium, lanthanide, alkali, and 
alkaline earth metals concentrate in the magnesium-rich 
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phase, whereas protactinium, chromium, iron, molybdenum, 
and similar metals follow the uranium-rich phase (5, 9)• 
Thorium blanket materials will contain less than 1.0% 
uranium at reprocessing time, and the volume of uranium is 
less than 0.6 ml per liter of eutectic solution. To 
operate below the melting point of uranium, some method of 
agglomerating the precipitate uranium is desirable. It has 
been shown that the addition of chromium results in the 
formation of an immiscible U-5/2Cr - 0.5%Th liquid phase at 
temperatures above 860° C (5). Metallic chromium may be 
added to the uranium concentrate as indicated in Figure 1 
or introduced by contacting the concentrate with a 
KCl-¥+.5%LiCl salt flux containing CrClg. The latter method 
may result in the formation of finely dispersed chromium 
which should facilitate alloying of the uranium particles. 
The separated uranium-rich phase may be further 
purified by oxidation-reduction reactions in a potassium 
chloride-lithium chloride-zinc system. The U-5$Cr -
0.5^Th eutectic may be reacted with zinc at 600° C and 
contacted with salt containing ZnClg to preferentially 
oxidize uranium, protactinum, thorium, and the more active 
impurities to form chlorides soluble in the salt phase. By 
controlling the amount of zinc chloride added, some degree 
of separation of uranium from thorium can be achieved. 
The metals more noble than zinc such as iron, chromium, 
Figure 1. A proposed pyrometallurgical scheme for reprocessing thorium 
uranium fuel or blanket materials 
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ruthenium, niobium, and molybdenum concentrate in the zinc 
phase. The zinc phase may be discarded or distilled to 
recover the zinc and concentrate the impurities. The 
uranium, thorium, and protactinium can be reduced with 
magnesium in zinc and reclaimed as sponge from the 
distillation of residual magnesium and zinc. 
The separated Mg-Th solution may be decontaminated by 
repeated contact with potassium chloride-lithium chloride 
salt flux containing MgCl^ which is expected to oxidize 
yttrium, rare earths, alkali, and alkaline earth metals (10). 
The recycled salt may be intermittently purified by 
reduction of yttrium and rare earth chlorides with a zinc-
magnesium alloy. Alternately, the salt may be in 
simultaneous contact with both alloys. It is expected that 
the more active components such as divalent rare earths, 
alkali, and alkaline earth metals will concentrate in the 
salt flux. 
The thorium can be precipitated from the purified 
magnesium solution at 675° C as the dihydride using hydrogen 
at one atmosphere pressure. Subsequently, the thorium can 
be reclaimed as the sponge from vacuum distillation of 
hydrogen and residual magnesium. 
This research work is an evaluation and extension of 
the previous work by Chiotti and Parry (5) concerning the 
removal of those fission products which follow thorium in 
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the dissolution with magnesium. They studied the 
extraction of a single solute M from a Mg-4-0$Th solution 
by a KCl-'+V. 5^LiCl eutectic containing MgCl2 as an oxidizing 
agent, according to the reaction 
M + xMgClg -5=— xMg + MC12x (1) 
The equilibrium distribution coefficient is defined as 
the ratio of weight percent of the solute in the salt to 
that in the metal. The observed values for cerium, yttrium, 
protactinium, and thorium are presented in Table 1. The 
amount of yttrium or cerium present in each experiment was 
in the range 0.8 to 1.2% based upon a total weight of charge 
of approximately 25 grams. In the protactinium 
distribution studies, neutron irradiated Mg-38%Th was used. 
The data show that yttrium and cerium are favorably 
extracted by the salt phase, while protactinium and thorium 
remain in the metal. 
Large scale selective oxidation-reduction experiments 
indicate a valence state of plus three for cerium, yttrium, 
thorium, protactinium, and uranium in the salt phase. 
Furthermore, their data and Chiotti's calculations (2), 
reproduced in Table 2, indicate that cerium, uranium, and 
thorium can be reduced from the salt phase with a zinc-
magnesium alloy according to the reverse of the oxidation 
Reaction 1. From the observed distribution coefficients 
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Table 1. Distribution of components between KCl-LiCl-MgClp 
salt and Mg-38%Th alloy 
Component M and Average K, 
Temperature Salt number of $4 in Salt 
°C ^MgCl2 equilibrations %M~TnMëtâî 
700 5.0 Ce-2 0.8  ± 0 .2  
700 15.0 Ce-2 2.5  + 0 .1  
800 15 .0  Ce-5 1.9  ± 0 .1  
600 15 .0  Y-3 7.5  ± 0 .8  
700 15.0 Pa-1 2.0 x 10~3 
650 20.0  Pa-1 0.76 x  10~ 3  
700 15.0  Th-4 
+1 0
 
(V 
0.3)  x ID"3 
600 15.0 Th-2 
+1 CO I—1 •—
/ 
0 .5 )  x 10" 3  
and magnesium concentrations in the salt and metal phases, 
sjc s(c 
the distribution coefficient for salt containing 15% 
MgClg and zinc alloy containing 3% Mg was estimated by 
assuming the activity coefficients of the solutes in 
solution remain constant. These results indicate that a 
more effective separation is feasable at higher magnesium 
concentration. From these single-solute observations, they 
proposed an equilibrium multiple-contact process to 
decontaminate the Mg-4-0/£Th alloy. 
The work described herein includes the development and 
evaluation of a single-stage, batch extractor for contacting 
the three fluid phases by a dynamic scheme and establishes 
the efficacy of the selective oxidation-reduction process 
Table 2. Reduction of cerium, uranium and thorium from KCl-LiCl eutectic with 
Zn-Mg alloy 
Temp, 
Or, 
Concentrations in 
salt 
Concentrations In 
zinc 
% M(s)/% M(m) 
K N K- K, 
.** 
% Mg # M % Mg # M 
700 0.32 0.07 Ce 0.03 0.47 Ce 2.2xl02 1.5X10"1 6.2x10~3 
700 2.34 0.024 Ce 0.43 0.82 Ce 4.0xl02 2.9x10"2 3.4xlO~3 
700 0.38 0.01 U 0.011 1.0 U 2.0xl03 1.0x10"2 6.9xlO-4 
700 2.02 0.0028 U 0.27 1.0 U 6.9xl03 2.8xl0"3 2.0x10"^ 
500 2.02 0.0051 u 0.096 0.033U 5.8xl03 1.5X10"1 2.4xl0"4 
700 0.18 0.0037 Th 0.0145 0.28 Th 3.lxlO3 1.3xl0~2 4.4xl0~4 
KN = 
N-NM(m) 1NMgCl2(s) 
%TiT NMg(m) 
3/2 
|_M(m) % MgCs) 
% M(S) % Mg(m) 
3/2 
1 
T7Ô8 » where M 
represents cerium, uranium or thorium, m refers to the zinc-rich liquid phase 
and s to the salt phase. 
zinc 
** 
Estimated distribution coefficient for salt containing 15 wt$ MgCl0 and 
alloy containing 3.0 wt$ Mg, = 1.375/K^. 
00 
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for a multi-solute system. The fission products selected 
for experimental study are cerium, neodymium, and samarium, 
which are chemically representative of the lanthanides, 
and yttrium, for which the standard free energy of formation 
of its chloride is only slightly greater than that for 
magnesium chloride. 
The equilibrium distribution of solutes was 
experimentally determined between KCl-Mf.5$LiCl eutectic 
salt containing MgCl^ and a Mg-40$Th alloy in single-solute 
systems, and between the salt and Zn-Mg alloys in both 
single and multi-solute systems. Observations of the effect 
of various parameters upon these two fluid phase equilibria 
were confined to the range of practical interest to the 
decontamination process. The following parameters were 
studied: temperature, concentration of magnesium chloride 
in the salt, concentration of magnesium in zinc, and the 
solute loading of the Zn-Mg scrub alloy. Multi-solute 
solubility limits in Zn-Mg alloys were also determined, but 
no attempt was made to identify the equilibrium solid phases 
present. These data are used to compute the minimum 
theoretical solute concentrations to which an impure 
Mg-4-O^Th alloy can be decontaminated by repeated recycle of 
the salt between the Mg-40^Th and a solute saturated Zn-Mg 
alloy. 
The KCl-LiCl-MgClg salt was simultaneously brought into 
mutual contact with the impure Mg-40%Th and the Zn-Mg scrub 
10 
alloy in a single-stage, batch extractor under the optimum 
operating conditions indicated by the two fluid phase 
equilibria experiments. The effect of increasing the 
magnesium chloride and total solute concentrations upon the 
rate of transport of the component elements and upon the 
maximum Mg-4-0%Th decontamination level was observed. No 
attempt was made to investigate the detailed kinetics of 
the transport mechanisms nor to optimize prototype equipment 
design. 
11 
THEORETICAL ANALYSIS OF THE EXTRACTION PROCESS 
Thermodynamic Analysis 
Calculation of the equilibrium distribution of solutes 
between a salt and metal phase requires data on the activity 
coefficients of the solutes in each phase. When several 
solutes are present in a given solvent, both the solubility 
and activity coefficients of a particular solute may differ, 
due to mutual interaction of the solutes, from the values 
observed when only one solute is present. Furthermore, a 
purely theoretical codistribution analysis is complicated by 
a lack of phase diagrams for the salt and metal systems. 
Nevertheless, certain generalizations can be made on the 
basis of the standard free energy change for the reactions 
of interest. 
Purification of the magnesium-thorium solution 
Hamer, Malmberg, and Rubin (11) calculated theoretical 
standard electrode potentials E° for reversible galvanic 
cells of the type M/MCl^/Clg where M is a metallic element 
and MClx is the corresponding chloride in their normal 
states of aggregation for temperatures from 298 to 1773° K. 
The compiled emf table indicates that for most elements of 
the periodic chart the standard free energy change for the 
oxidation of a particular metal with MgCl^ is a large 
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positive value and no appreciable amount will be expected 
to transfer to the salt phase. The standard free energy of 
formation of the chlorides of potassium, lithium, magnesium, 
uranium, thorium, and the elements of significant fission 
yield which have been shown to follow thorium in dissolution 
with magnesium are shown in Table 3. Those elements above 
MgClg, the alkali, alkaline earth, and lanthanide elements, 
are expected to concentrate in the salt, while uranium and 
thorium remain in the metal phase. 
Metals such as sodium and potassium are immiscible in 
magnesium, and their solubility in Mg-40Th is probably small 
at temperatures below 700° C. Therefore, the alkali metals 
will probably show a positive deviation from Raoult's Law 
in this solution. Their chlorides are readily soluble in 
the salt and have an appreciably higher free energy of 
formation per gram atom of chloride than magnesium chloride, 
and there is little doubt they will be effectively 
transferred to the salt. 
The activity of yttrium, lanthanum, neodymium, 
gadolinium, and magnesium chlorides can be computed from 
electrode potentials of galvanic cells. Yang and Hudson (23) 
measured the equilibrium electrode potentials E of galvanic 
cells of the type M/MCl^ (in KCI-LiCI eutectic)/Ol2, C for 
various metal chloride concentrations in the temperature 
range 760 to 830° K. Thus, the activity of the metal 
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Table 3. Standard free energy of 
chlorides per chlorine 
700° C 
formation of 
atom at 500, 
various 
600 and 
Component AF° (Kcal/Cl atom) 
0
 
0
 0
 
0
 
600° C 700° C 
SmCl2 88.92 87.33 84.42, 
BaClg 87.81 85.97 82.28 
KCI 86.59 84.35 79.35 
SrCl2 84.95 83.29 80.00 
CsCl 85.14 82.99 77.53 
RbCl 85.21 82.90 76.42 
LiCI 84.08 82.35 79.72 
LaCl3 73.91 72.27 69.11 
CeCl^ 72.80 • 71.16 67.91 
PrC13 71.95 70.31 67.13 
PmCl^ 70.84 69.32 66.51 
NdCl^ 70.73 69.04 65.86 
SmClg 70.13 68.60 65.97 
EuCl^ 69.23 67.70 65.21 
GdCl^ 68.70 67.17 64.73 
Tbcl3 67.40 65.91 63.71 
YCI3 65.12 63.60 60.95 
MgCl2 61.80 60.00 56.73 
uci3 57.51 55.87 52.58 
ThCl^ 57.00 55.32 52.21 
Ik-
chloride dMG1 can be calculated from the expression 
n RT <2-MCI 
B = E - i 1,1 —UT (2) 
pci2 
where is the chlorine pressure, F is Faraday's 
constant, T is the temperature, R is the gas constant, and 
E° is the standard electrode potential computed by Hamer, 
Malmberg, and Rubin (11). This calculation indicates a 
rather strong negative deviation from Raoult's Law for these 
solutes in the salt phase. The activities of these solutes 
in the Mg-kO$Th solution are unknown, and in general 
thermodynamic data are incomplete for calculating the 
expected degree of separation of fission products from a 
Mg-k-O^Th alloy. 
Purification of the salt flux 
Magnesium in the presence of zinc is a very effective 
reducing agent for components which form stable inter-
metallic compounds with zinc. Because the solute is present 
in a dilute solution of magnesium in zinc and forms an 
intermetallic compound, the activity of the solute is 
considerably lowered in the metal phase. This lowered 
activity makes a significant contribution to the driving 
force for the observed reduction. At temperatures below 
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700° C the solubilities of yttrium and the lanthanides in 
zinc are very small, and in the case of cerium, lanthanum, 
and yttrium, the precipitate phases are CeZn^, LaZn-^, and 
YZn^ respectively. Table 4 gives the solubility limits of 
some metals in zinc, and Table 5 gives the standard free 
energy of formation of some intermetallic compounds with zinc. 
Table 4. Solubility limits of some metals in zinc at 500, 
600, and 700° C 
Reference Weight Percent 
Element number o
 
o
 o
 
o
 
600° C 700° C 
Th 3 2.2xl0-2 l.SxlO-1 9.9x10-1 
Y 10 1.30xl0-2 2.12x10"1 1.46 
Ce 16 9.2x10-3 9.99x10-2 3.33x10-^ 
Nd 12 1.65x10-2 1.57x10'1 1.12 
Ba 14 — — — 2.00X10-2 2.98x10'! 
Sr 13 6.0xl0_1+ 2.29X10"2 3.39x10-1 
Table 5* Standard free energy of formation of some inter­
metallic compounds with zinc at 500, 600, and 
700° C 
Reference - AF° (Kcal/mole) 
Compound number 500° C „ 600° C 700° C 
Th2Zn1? 3 89.4 82.5 75.2 
CeZnu 15 53.0 48.6 43.8 
YZnu 4 53.4 48.2 42.8 
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The addition of magnesium to the zinc up to five weight 
percent probably does not greatly increase their solubilities. 
The effect of mutual interactions among these solutes on the 
solubility limits and activities in a multi-component alloy 
is not known. At saturation of the zinc-magnesium alloy, 
the reduction reaction for yttrium may be written as 
YC13 + -|- Mg + 11 Zn YZnu(solid) + MgCl^. (3) 
The additional transfer of yttrium from the salt to the 
saturated zinc-rich solution should not appreciably change 
the activity of yttrium. Consequently, relatively large 
amounts of yttrium may be transferred to the zinc alloy 
without appreciably affecting the ability of the alloy to 
reduce the concentration of yttrium in the salt. This is 
essential to the practical application of the proposed scheme 
to the decontamination of magnesium-thorium solutions. Large 
quantities of salt would not be necessary to effectively 
remove impurities which have a low distribution coefficient 
from the magnesium-thorium solution. 
The optimum concentration of magnesium in the zinc-
magnesium alloy can be estimated from the mass action law 
and available thermodynamic data for yttrium. The effect of 
magnesium concentration on the residual yttrium in a 
KCl-LiCl-15^ MgClg salt phase at 600 and 700° C is shown in 
17 
Figure 2. The standard free energy change for Reaction 3 
can be evaluated from Earner, Malmberg, and Rubin's data (11) 
for the free energies of formation of YCl^ and MgClg and 
Chiotti and Mason's data (4-) for YZn^. This is related by 
the equation 
a dn 
^ - -RT in K = -RT M ^  MgC1^  (4) 
aÏCi3 c 
to the thermodynamic equilibrium constant K and hence to the 
equilibrium activities CL of the reactants and products 
relative to the pure components in their normal state of 
aggregation at one atmosphere pressure and the temperature 
in question. In a zinc solution containing YZn-^, the 
activity of solid YZn-^ is unity, and since the activities 
of a component in solution may be expressed as the product of 
its mole fraction N and its activity coefficient y, 
Equation 4- leads to the relation 
a 
N 
3/2 
MgCl, 
YC1-
K rYCl 3 J 
1 
^ 3/2 ^ 11 
Zn 
(5) 
Figure 2. The effect of the concentration of magnesium in 
zinc upon the reduction of yttrium from a 
KCl-LiCl-15# MgClg salt flux at 600 and 700° C 
19 
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Since the magnesium chloride concentration is essentially 
constant and Henry's Lav is expected to be valid for dilute 
solutions of yttrium chloride in the salt, the factor within 
the brackets of Equation 5 is constant at any temperature and 
can be evaluated by extrapolating the activities calculated 
from Equation 2 to the temperature and composition range of 
interest. The activities of magnesium and zinc in pure 
zinc-magnesium alloys has been measured by Chiotti and 
Stevens (7). The results indicate that the reduction of 
yttrium is considerably more favorable at lower temperatures 
and at 600° C the salt should be scrubbed to 20 ppm yttrium 
using an optimum concentration of 5»0% magnesium in zinc ; 
however, the uncertainties in the data used for this 
calculation allow an estimated maximum error of two orders 
of magnitude in the residual yttrium concentration. 
Data on the activity of cerium in these solutions is 
incomplete; however, rough estimations can be made, and at 
700° C cerium would be expected to follow the trend shown in 
Figure 3• Thorium is expected to follow a trend similar to 
that of cerium. Samarium and europium dichlorides are very 
stable and are expected to concentrate in the salt phase. 
Kinetic Analysis 
When a Mg-k-O^Th solution containing fission products and 
a Zn-Mg scrub solution are simultaneously brought into mutual 
Figure 3• The effect of the concentration of magnesium in 
zinc upon the reduction of cerium and yttrium 
from a KCl-LiCl-1^ MgClg salt flux at 700° C 
WEIGHT PERCENT CERIUM CHLORIDE IN SALT 
0i CD Lté 
I—I I I II I  
C\ O 
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contact with a KCl-LiCl eutectic containing MgClg, the 
components of the system will distribute such that at 
thermodynamic equilibrium the chemical potential of any 
component will be the same in the equilibrium phases. In 
the system under consideration, the final equilibrium state 
could possibly consist of a single metal phase and a salt 
phase. However, from a practical viewpoint, zinc is not 
oxidized by magnesium chloride nor soluble in the salt phase. 
Thus, the zinc is expected to remain in a physically 
separate phase. The relative rates of mass transport among 
the three solutions will be radically different and subject 
to control by process design. The codistribution of these 
components may occur by solubility, oxidation-reduction 
reaction, and electrochemical reaction mechanisms. 
Transport of the metallic elements by a direct 
solubility mechanism will not be significant since their 
solubility in the salt phase is extremely low. 
Transport of solute M will occur by oxidation at the 
interface of the salt and Mg-40%Th solutions according to 
the reaction 
M1 + xMgCl2 xMg1 + MC12x (6) 
and reduction at the interface of the salt and Zn-Mg 
solutions according to the reaction 
24 
; 
MC12X + xMg11 -*»— xMgClg + M11. (7) 
Superscript I is used to denote the Mg-40^Th alloy, and M* 
or Mg"^ represents the solutes M or Mg in this alloy. 
Similarly, superscript II denotes the Zn-Mg alloy. At 
saturation of the zinc-rich solution, solute M forms an 
intermetallic compound with zinc. The net transfer reaction 
is 
M1 + xMg11 -#—• M11 + xMg1. (8) 
For the alkali, alkaline earth, and divalent lanthanide 
solutes, Reaction 7 will not proceed to an appreciable 
extent, and these solutes will concentrate in the salt phase. 
Thorium is effectively reduced according to Reaction 7, but 
the amount transferred will be small since the standard free 
energy change for Reaction 6 is actually positive and the 
concentration of thorium in the salt will be small. The 
actual amount of thorium lost in the purification process 
will depend upon time, the relative extraction rates, and 
concentration levels in the various phases. Although 
magnesium transfers from the Zn-Mg alloy to the Mg-*fO$Th 
alloy according to Reaction 8, the net magnesium transfer is 
expected to be in the opposite direction since the activity 
of magnesium in the Mg-U-O^Th alloy is much larger than in 
the Zn-Mg scrub alloy. 
25 
Transfer between the metal phases may also occur 
according to the electrochemical reactions 
M 1  +  x C l ™  — M C l x  +  x e "  ( 9 )  
MClx + xe" —5s— M11 + xCl~ (10) 
so that the net reaction is 
M 1 — M 1 1 .  ( 1 1 )  
Since a charge e~ transfer is required, the rate would be 
somewhat dependant upon the media of electrical contact 
between alloy I (Mg-40%Th) and alloy II (Zn-Mg) as well as 
upon the potential gradient. Direct metallic contact would 
be expected to increase the rate of transfer of any component. 
This is expected to be the dominant transfer mechanism for 
magnesium. The optimum impurity reducing power of magnesium 
in zinc was estimated to be approximately five weight percent 
magnesium. Thus, the rate of enrichment of magnesium in zinc 
must be controlled relative to the rate of extraction of the 
impurities. This may be accomplished by adjusting the 
initial alloy composition and phase weight or by inter­
mittent addition of zinc. 
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EXPERIMENTAL APPARATUS AND PROCEDURES 
The classification of the experimental apparatus and 
procedures employed in this work may be made on the basis of 
the total weight of materials charged and upon the number of 
fluid phases contacted. Experiments containing less than 
300 grams of total material are considered micro-scale 
whereas those containing more than 1000 grams are considered 
macro-scale. A fused salt phase was contacted with a single 
liquid metal phase in two fluid phase equilibrations and 
simultaneously contacted with two liquid metal phases in 
three fluid phase contact for mass transport studies. 
Micro-Scale Experiments 
Equilibrium distribution coefficients for single solutes 
between a fused salt and liquid metal were determined by 
micro-scale experiments. The two fluid phase contact was 
effected in tantalum tubing one inch in diameter and three 
to eight inches high with fifteen mil wall thickness. The 
tubing was sealed at both ends in an argon atmosphere by 
drawn tantalum caps welded to the can. The tantalum was 
enveloped by a steel casing containing argon to prevent 
embrittlement of the tantalum by air oxidation. This 
assembly was placed in a temperature controlled resistance 
furnace and rotated l80° at a speed of fifty inversions per 
minute for twelve hours. The charge was permitted to settle 
27 
with the crucible in the upright position for one hour and 
was then water quenched to retain equilibrium conditions. 
The charge was mechanically decladded, and the phases were 
sampled for analysis. 
Macro-Scale Experiments 
Macro-scale contact of both two and three fluid phases 
was conducted in the single-stage batch extractor shown 
schematically in Figure 4. The ancillary equipment includes 
the following: (1) argon gas source, (2) argon gas 
purification train consisting of copper turnings maintained 
at 450° C, (3) mechanical vacuum pump, (4) mercury manometer 
and constant pressure gas discharge, (5) temperature 
controlling and indicating devices, (6) variable speed 
stirring motor, and (7) the extractor vessel and resistance 
furnace. 
Figure 5 is a sectional drawing of the extractor vessel 
assembly and rotating crucible as devised to study the 
transfer of fission product impurities from a Mg-4o$Th alloy 
through a KC1-44.5$LiCl eutectic salt containing MgClg to a 
Zn-Mg scrub alloy. The container consisted of a four inch 
diameter, mild steel tube closed on the bottom end and 
covered externally with a one-sixteenth inch type 304 
stainless jacket to prevent air oxidation at elevated 
temperature. A graphite liner was employed inside the 
container to protect it in the event of failure of the 
Figure U-. Diagram of the single-stage batch extractor and associated equipment 
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tantalum reaction crucible. The tantalum crucible was 
fabricated from thirty mil sheet rolled to form a three and 
one-quarter inch diameter cylinder, welded along the axis, 
and closed at the bottom by a spun cap which was heli-arc 
welded to the cylinder. The cover plate for the extractor 
vessel was equipped with ports for temperature measurement, 
vacuum and gas inlet, stirring, visual observation of the 
melt, and sampling and enriching operations. All access 
ports were modified "Cenco" vacuum couplings. A rotating 
crucible served to contain the Zn-Mg scrub alloy and stir 
the interface of the salt and Mg-4-O^Th phases. The tantalum 
crucible was one and three-quarter inches in diameter and 
one and one-half inches deep. It was provided with four 
tantalum stirring fins which were equally spaced on the 
external periphery. A one-quarter inch tantalum shaft was 
welded concentrically onto the bottom of the crucible and 
extended up through the cover plate to a variable speed motor. 
For two fluid phase equilibrations, the equipment was 
modified by removing the rotating crucible and replacing it 
with a tantalum impeller type stirrer. In these experiments, 
the equilibrium codistributien of solutes between KOl-LiCl-
Xfo MgClg (where X = 25 to 55 weight percent) salt and a 
Mg-l+O^Th alloy, and between salt and Zn-X^ Mg (where X = 
2 to 14 weight percent) was determined. 
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To initiate an extraction, salt and metal alloy billets 
were charged to the outgased system, the cover plate was 
replaced, and the system was heated to the melting point of 
the salt (35V3 C) under vacuum. Then the system was filled 
to atmospheric pressure with argon to prevent excessive 
volitization from the melt and heated to reaction temperature 
(600 or 700° C). Timed runs were initiated at this point 
where the stirring crucible or impeller was immersed into 
the salt phase and rotated at 120 rpm. Throughout the run, 
the pressure was maintained slightly above atmospheric by 
allowing argon to flow slowly out through a mercury 
manometer; but, during access to the melt, the flow of argon 
was increased to prevent the diffusion of air into the 
system. Salt and metal additions to the melt were 
accomplished by flushing a tantalum loading tube with argon 
and extending it through the removable sight glass port down 
to the liquid level. Similarly, approximately three gram 
samples of each phase were removed by vacuum siphoning into 
a four millimeter" quartz tube using a rubber hand bulb. The 
sampling tube was temperature equilibrated with the melt for 
two minutes before siphoning to obtain samples representative 
of the bulk phase composition. Some segregation in the 
sample resulting from thermal gradients in the tube during 
cooling demanded that the entire sample be used for chemical 
analysis. No severe reaction with the quartz was observed. 
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Where the solubility limit of the lanthanides in zinc-
magnesium solutions was to be determined, the metal phase 
was filtered by vacuum siphoning the zinc-rich solution 
through porous MgO. The filtering device employed was that 
successfully used by Woerner (22) and is shown in Figure 6. 
The external wall of a MgO-l^MgFg crucible was covered with 
a powdered MgO-water slurry and force fitted into a 
tantalum cup. The dried slurry served to seal the MgO-
tantalum joint. The top of the tantalum cup was welded to 
a long tantalum tube which made it possible to extend the 
crucible through the cover plate access port into the melt, 
and vacuum siphon about four grams of the metal phase using 
a rubber hand bulb. 
Metal Alloy Preparation 
The alloys used in the separation studies were prepared 
by micro-scale equilibration. The material were weighed, 
charged, and sealed in the tantalum crucible in an inert 
atmosphere using a dry-box facility. The equilibrated alloys 
were settled for one hour at temperature in an upright 
position, removed from the furnace and water quenched, 
decladded and machined to remove any surface film, and 
finally, horizontal sections were analyzed to determine the 
homogeneity of the billet. The composition of the billets 
was determined from a weighted average of these sections. 
Figure 6. Sample filtering device 
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The bottom extremity of the magnesium-thorium billets 
containing oxidizable solutes indicated a very low solute 
and thorium analysis, probably due to impurities in the 
thorium and magnesium, so that the bottom section of these 
alloys were discarded. Magnesium-zinc alloys containing 
oxidizable solutes were similarly prepared. In this case, 
a roughly homogeneous alloy was obtained by rapidly 
quenching a saturated alloy. 
Salt Flux Preparation 
Mixtures of reagent grade potassium chloride, lithium 
chloride, and magnesium chloride salts were purified in 
kilogram quantities to remove moisture and impurities in 
these materials. The technique employed was essentially that 
successfully used by other investigators (17, 23). The 
apparatus used is shown schematically in Figure 7. 
The procedure used can be summarized as follows : (1) 
heat below the melting point under vacuum to remove water, 
(2) melt with anhydrous HC1 bubbling through the liquid, (3) 
flush system by bubbling argon gas through the melt, (4-) 
remove residual HC1 by reducing the system pressure, and (5) 
filter the salt to remove foreign particles by vacuum 
siphoning the material through a porous glass filter and 
directly discharging the liquid into the tantalum extractor 
crucible in an inert argon atmosphere. 
Figure 7» Diagram of salt flux preparation equipment 
ARGON 
PURIFICATION 
TRAIN 
ARGON 
TANK 
& 
DISCHARGE TO HOOD 
THROUGH ACID NEUTRALIZER 
ANHYDROUS 
H CI TANK 
HCI INLET HOOK-UP 
^SALT OUTLE '  
COLD TRAP 
I I 
,1 I 
I 1 
't-
HOOK-UP 
SALT 
DISCHARGE 
HOUSING 
RESISTANCE 
FURNACE 
VACUUM PUMP 
MERCURY 
MANOMETER 
INDICATING 
CONTROLLER 
uu 
xO 
THERMOCOUPLE 
40 
Analytical Procedures 
Analyses of salt and metal phases were made by both 
the analytical and radiochemical service groups of the Ames 
Laboratory. The wet chemical procedure that was successful 
for salt and magnesium-zinc solutions containing thorium, 
yttrium, and lanthanide elements is described. This 
procedure gave unreliable results for the determination of 
the total yttrium and lanthanide concentration in Mg-40$Th 
alloys. This failure is attributed to the large number of 
solvent extractions involved and the very low concentrations 
of these solutes (10 to 100 ppm) relative to the thorium 
concentration. A radiochemical procedure that was successful 
for all three phases and capable of determining the 
individual solute concentrations is also described. 
Non-radiochemical analyses 
The sequential operations involved in the wet chemical 
analyses of salt or metal samples for (1) zinc, (2) thorium, 
(3) total of yttrium and lanthanides, and (4) magnesium are 
described in chronological order. 
Zinc The sample was dissolved in nitric acid, and 
zinc was separated from the other elements by anion exchange 
using Dowex 1 resin. After elution from the resin, zinc was 
determined volumetrieally at pH 5 with EDTA (ethylene-
diamine te tr acetic acid). 
hi 
Thorium Thorium was separated from the remaining 
elements in a nitric acid solution of pH 1 by extraction with 
0.5 molar TTA (thienyltrifloroacetone). Thorium was stripped 
from the organic phase with a 6 normal nitric acid solution 
and determined spectrophotometrieally with arsenazo. 
Yttrium and lanthanides Yttrium and the lanthanide 
elements were separated from magnesium by extraction with 
0.5 molar TTA from 0.1 molar acetate solution of pH 4.5» 
The mixture was stripped from the organic phase with a 10 
normal nitric acid solution, and the total concentration of 
yttrium together with the lanthanides was determined 
spectrophotometrieally with arsenazo. 
Magnesium Magnesium in the aqueous phase was 
determined volumetrically with EDTA at pH 10. 
Radiochemical analyses 
Each salt or metal sample was dissolved in nitric acid, 
and separate aliquots were taken for the determination of 
(1) magnesium and zinc, (2) thorium, (3) yttrium, and (4) 
cerium and neodymium. 
Magnesium and zinc An aliquot of the nitric acid 
solution was analyzed volumetrically for zinc at pH 5 with 
EDTA. The pH was adjusted to 10 and the zinc was complexed 
with NaCN while the magnesium was similarly determined. 
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Thorium Thorium was determined spectrophoto-
metrically with thorin. This aliquot was boiled with 
hydrazine to reduce any ferric iron present and adjusted to 
pH 1. Other ions present did not interfere. 
Yttrium The yttrium concentration was determined by 
counting the 2.2 mev'p radiation of the yttrium 90 isotope 
obtained upon neutron irradiation of the pure metal. Samples 
were counted using a Tracerlab TGC-2/1B84 end window Geiger 
tube and a Nuclear Chicago Model 186 scaler. The samples 
were counted under a 429 mg/cm^ aluminum absorber to keep 
cerium and neodymium activity contributions at a minimum. 
Cerium and neodymium standards were counted under these 
conditions to make corrections for their activities. Yttrium 
standards from the pure irradiated metal were counted for 
specific activity determinations. 
These counting samples were prepared by carrier 
precipitation of the activity as the oxalate and mounting 
on aluminum planchets. Before oxalate precipitation of 
yttrium, thorium was removed by ion exchange, and yttrium 
was separated from magnesium and zinc by hydroxide 
precipitation of yttrium. A complete separation of these 
elements was not necessary for the determination. 
Precipitation yield determinations were made by 
counting the precipitated samples for cerium or neodymium 
and determining their yields by comparison with solution-
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counting results. The yield for yttrium was shown to be 
the same as the precipitation yield for cerium and neodymium. 
Cerium and neodymium Cerium concentrations were 
determined by counting the 0.145 mev y radiation of the 
cerium l4l isotope. Neodymium concentrations were determined 
by counting the Ô.53 mev y radiation of the neodymium 147 
isotope. These isotopes are obtained upon neutron 
irradiation of the pure metals. Samples were solution 
counted using a Nuclear Chicago Model 1820 Recording 
Spectrometer with a 2 inch NaT (Tl) crystal with a 0.73 by 1.5 
inch well (Model DS-5)* Yttrium and neodymium (or cerium) 
standards were counted under these conditions to correct for 
their activities in.the cerium (or neodymium) determination. 
Cerium (or neodymium) standards were counted for specific 
activity determinations. 
Counting samples were prepared by aliquoting the nitric 
acid solution directly into test tubes. Standards of each 
element were counted using the same volume. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Equilibrium Distribution Experiments 
The equilibrium distribution of solutes between a 
KCl-LiCl-MgClg salt phase and a Mg-40$Th alloy or between the 
salt and Zn-Mg alloys was observed to determine thermo­
statically optimum conditions for the dynamic extraction 
process and to estimate the maximum solute-decontamination 
that can be achieved in the single-stage, batch extractor. 
Single-solute experiments 
Micro-scale Equilibrations 1 to 13 were effected to 
determine single-solute distribution coefficients for 
equilibrium between salt and metal phases at 600 and 700° C. 
The initial charge, thermal history, and phase analyses for 
each equilibration are presented in the Appendix in Tables 
10-A and B. Salt and Zn-Mg phases were analyzed by the non­
radioactive procedure, and the Mg-Th phase compositions were 
obtained by material balances. 
The results for the equilibration of KCl-LiCl-l^MgCl^ 
and Mg-40$Th containing about 0.1% cerium, neodymium, or 
samarium are summarized in Table 6. With the exception of 
neodymium, the oxidation reaction equilibria are more 
favorable at lower temperatures. Considering the distri­
bution coefficients given for thorium in Table 1, the solute-
thorium separation coefficient (solute)/K^ (thorium) is 
greater than 10^ for each solute. 
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Table 6. Distribution of solutes between KCl-LiCl-l5$MgCl2 
and a Mg-40%Th alloy 
Equilibration Solute Concentration Kd 
no, solute 
M 
temp 
°C 
salt 
wt. 
metal 
wt. foM. 
%K (sait) 
%M (metal) 
1 Nd 600 0.066 0.028 2.4 
2 Nd 700 0.12 0.011 11.0 
3 Sm 600 0.16 0.0002 >500 
4 Sm 700 0.12 0.0002 >500 
5 Ce 600 0.054 0.012 4.5 
Table 7. Distribution of solutes between KCl-LiCl-l5%MgCl9 
and a Zn-3$Mg alloy 
Equilibration Solute < Concentration % 
no. solute 
M 
temp 
°C 
salt 
wt. %M 
metal 
wt. %M 
%U (sait) 
%M (metal) 
6 Y 600 0.035 0.33 0.17 
7 Y 700 0.19 0.63 1 0.30 
8 Ce 600 0.0045 0.57 0.045 
9 Ce 700 0.046 0.87 0.053 
10 Nd 600 0.0049 0.54 0.031 
11 Nd 700 0.015 0.72 0.021 
12 Sm 600 0.68 0.042 16.0 
13 Sm 700 0.75 0.032 23.5 
The results for the equilibration of KCl-LiCl-l5%MgCl2 
and Zn-3$Mg containing about 0.8% yttrium, cerium, neodymium, 
or samarium are summarized in Table 7» For calculating the 
distribution coefficient at 600° C, the solubility limits 
for yttrium, cerium, and neodymium were assumed to be those 
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for pure zinc given in Table 4. With the exception of 
neodymium, the reduction reaction equilibria are more 
favorable at lower temperatures. The residual yttrium 
remaining in the salt phase in equilibrium with the 
saturated Zn-3%Mg scrub alloy was 350 ppm at 600° C, whereas 
the corresponding value computed from thermodynamic data 
(Figure 2) was 20 ppm. This disparity between observed and 
computed values is within the uncertainty permitted by the 
theoretical treatment. 
The data indicate that it is desirable to operate as 
close to the melting point of the high melting phase (585° C 
for Mg-40%Th) as practical. The operating temperature was 
selected as 600° C. At this temperature, the minimum 
concentrations of each solute in Mg-4o%Th which can be 
achieved by recycling the KCl-LiCl-l5%MgCl2 salt between 
this alloy and saturated Zn-3%Mg was computed. To use 
the data from Tables 1, 6, and 7, it was necessary to 
assume that the solute distribution coefficients for 
equilibrium between KCl-LiCl-l5%MgCl2 and Mg-40%Th are 
independent of solute concentration. As the mole fraction 
of solute in the metal and its chloride in the salt were 
very low ( 10"^), the approximation that the corresponding 
activity coefficients are constant (Henry's Law) should be 
valid, and the distribution coefficient should be constant 
at low solute concentrations. The minimum concentrations 
for yttrium, neodymium, cerium, and samarium are 47, 20, 10, 
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and 8 ppm respectively. These values also serve as an 
estimate of the maximum decontamination that can be achieved 
by simultaneous contact of the three phases. Further 
decontamination would require the use of clean salt. 
Macro-scale Equilibrations 14 to 22 were conducted to 
determine the effect of magnesium chloride concentration on 
the distribution of cerium between Mg-40%Th and KCl-LiCl 
salt containing MgClg at 600 and 700° G. A Mg-40%Th alloy 
containing 0.1%Ce and salt containing !5%MgCl2 was initially 
charged to the batch extractor and equilibrated at 600 and 
700° C. Subsequent equilibrations at these temperatures 
were made at 25, 35, 45, and 55%MgCl2 by enriching the salt 
phase at six hour intervals. The initial charge, weight of 
additions to the salt, and radiochemical analysis and 
description of the samples removed are given in the Appendix 
in Table 11. Figure 8 shows the effect of magnesium chloride 
concentration on the cerium distribution coefficient at 600 
and 700° C. Cerium analysis of samples removed at various 
depths in the salt and metal phases agreed to within ±4%; 
thus no concentration gradient within either phase was 
indicated. Samples taken with varying time of equilibration 
indicate that equilibrium was attained. The percent of the 
cerium charged that could be accounted.for by material 
balance was about 97, 91, 88, 81, 78% for those equili­
brations made at 15, 25, 35, 45, and 55% MgClg respectively. 
This decline in the cerium accounted for with each addition 
Figure 8. Effect of magnesium chloride concentration 
in KCl-LiCl salt on the cerium distribution 
coefficient for equilibrium between salt 
and Mg-40^Th containing cerium at 600 and 
700° C 
k-9 
600°C 700 °C 
Wt. % CERIUM IN SALT 
Wt. % CERIUM IN METAL 
10 20 40 60 80 100 
WEIGHT PERCENT MAGNESIUM CHLORIDE IN SALT 
50 
of powdered magnesium chloride may be the result of the 
accumulation of air in the system during addition of the 
magnesium chloride. An outward flow of argon was normally 
used to prevent back-diffusion of air into the system during 
access to the melt. However, in this experiment the argon 
flow was interrupted because of severe fluidization of the 
powdered magnesium chloride during addition. 
The oxidation reaction for cerium may be represented 
as 
Ce1 + -|- MgCl 1^ CeCl*1 + Mg1 (12) 
where the superscripts I and II denote the Mg-40%Th and salt 
phases respectively. The equilibrium constant in terms of 
the thermodynamic activities of the components is 
0. &3/2 
= cw, uMg 
a a372 Ce MgClg 
Since the activity of any component can be written as the 
product of its mole fraction N and activity coefficients y, 
Equation 13 can be written 
a3" NCeClg YCeCl, "Mg 
K = 372— (14) 
NCe YCe <^ /MgCl2 
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As the mole fractions of cerium in the metal and cerium 
chloride in the salt were very low (<10~^), the assumption 
that the activity coefficients of these components are 
independent of cerium concentration (Henry's Law) should be 
valid. The concentration of magnesium in the metal was 
essentially constant, and hence, its activity was constant 
at any temperature. Combining the constant terms and solving 
for the experimentally determinable quantity ^CeCl^/ ^ Ce 
Equation 14 becomes, in logarithmic form, 
"ceci- , ' _ 
log 1 = log U,M rl + (constant) (15) 
NCe 2 
A plot of log ^CeCl^/ NCe versus log ^MgClg would yield a 
straight line of slope 3/2 for any temperature. Using Earner's 
data (11) and Yang and Hudson's data (23), the activity 
coefficient of magnesium chloride in the KCl-LiCl eutectic 
can be calculated from Equation 2. The activity coefficient 
can be approximated in closed mathematical form by the 
equation 
1o8 rMgci2 = (- ^  - 0.1,973(1 - Vcx2y (16> 
From the above equation and experimental data, the plot of 
log ^CeClg/ ^ Ce versus log ^-MgClg at both 600 and 700° c 
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gives a straight line of slope 0.8. The deviation of this 
slope from the theoretical value of 1.5 could be attributed 
to low experimental values for ^CeCl^/ ^Ce and possibly a 
high estimated rate of increase of ^ MgClg with increasing 
NMgCl2. 
Multi-solute experiments 
A series of thirty-eight macro-scale experiments — 
Equilibrations 23 to 60 -- were conducted with the following 
objectives : 
( 1 )  t h e  d e t e r m i n a t i o n  o f  t h e  o p t i m u m  c o n c e n t r a t i o n  
of magnesium in zinc for the reduction of a 
combination of solutes — yttrium, cerium, and 
neodymium — from KCl-LiCl salt containing MgClg 
(2) the determination of the effect of temperature 
and magnesium chloride concentration on the 
reduction 
(3) the determination of solubility limits of each 
solute in magnesium-zinc solution saturated with 
all three solutes at 600° C. 
For Equilibrations 23 to 42, a Zn-2%Mg alloy containing 
about 0.6% each of yttrium, cerium, and neodymium and 
KCl-LiCl salt containing l5^MgClg was initially charged to 
the extractor. Subsequently, the concentration of magnesium 
in the metal was increased to about 4, 6, 10, 12, and lb%Kg 
by stepwise additions to the metal phase. Finally, when the 
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alloy composition reached l4%Mg, the concentration of 
magnesium chloride in the salt was increased to 25, 35, 45, 
and 55#MgClg "by stepwise additions to the salt phase. The 
additions were made at eight hour intervals; at each 
composition, the system was equilibrated at both 600 and 
700° G, and salt samples were removed for radiochemical 
analysis. The initial charge to Equilibration 23 and 
additions to the phases for each subsequent equilibration 
are described in the Appendix in Table 12-A. Table 12-B 
presents the analysis and weights of the samples removed. 
For Equilibrations 4-2 to 60, a Zn-2$Mg alloy containing 
about 0.6$ each of yttrium, cerium, and neodymium and 
KCl-LiCl salt containing 25^MgClp was initially charged to 
the extractor. Subsequently, the concentration of magnesium 
in the metal was increased to about 4, 6, 10, 12, and l4$Mg 
by stepwise additions to the metal phase. Finally, when 
the alloy composition reached l4$Mg, the concentration of 
magnesium chloride was increased to 35, 45, and 55^MgCl2 by 
stepwise additions to the salt phase. The additions were 
made at eight hour intervals; at each composition, the 
system was equilibrated at both 600 and 700° C, and salt and 
metal samples were removed for radiochemical analysis. The 
initial charge to Equilibration 43 and additions to the 
phases for each subsequent equilibration are described in 
the Appendix in Table 13-A. Tables 13-B and C present the 
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weight and. analysis of the salt and metal samples 
respectively. 
For those observations made at 700° C, the salt was 
in equilibrium with an unsaturated, liquid metal phase. 
From the reported solute concentrations of the salt and 
metal phases, the net weight of the phases, and the net 
weight of the solutes charged (initial charge-amount removed 
in samples), the percent of the weight of each solute 
present that could be accounted for by material balance was 
calculated. The results are presented in the Appendix in 
Table 13-D. An average of 100+5% of each solute was 
accounted for by an overall material balance. 
For those observations made at 600° C, the metal alloy 
consisted of a solute-saturated, zinc-rich solution in 
equilibrium with one or more solid phases. No attempt was 
made to identify the equilibrium solid phase or phases 
present (from 10 to 2% of the alloy weight); however, 
because of the similarity of the crystal structures of 
YZnn, CeZn-Q, and NdZn^j, some mutual solid solubility is 
expected. Thus, the zinc-rich solution composition may be 
dependent upon the solid phase composition. The zinc-rich 
liquid solution composition was obtained from filtered 
samples of the alloy, and Figure 9 shows observed 
solubility limits for yttrium, cerium, and neodymium in 
magnesium-zinc solutions. From the amount of solutes present 
Figure 9* Multi-component solubility limits* of yttrium, cerium, and 
neodymium in solute-saturated magnesium-zinc solutions at 600° C 
* 
see text 
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in the system and the composition of the liquid phases, 
the amount of solute present as intermetallic compound was 
calculated. Assuming each solute atom in the solid phase 
combines with eleven zinc atoms, the corresponding 
enrichment of magnesium in the liquid was calculated. The 
computed concentration of magnesium in the zinc-rich solution 
agreed to within ±1.8% of the observed value for each 
equilibration. 
The data from Equilibrations 23 to 60 have been 
combined and presented graphically to show the optimum 
concentration of magnesium in zinc for the reduction of the 
combination of solutes — yttrium, cerium, and neodymium — 
from KCl-LiCl-MgClg salt and to indicate the effect of 
temperature and magnesium chloride concentration on this 
reduction. Figure 10 shows the residual yttrium remaining 
in the salt phase containing 15 and 25%MgOl^ in equilibrium 
at 600 and 700° C with magnesium-zinc alloys containing 
yttrium, cerium, and neodymium. Figures 11 and 12 are 
similar plots for the cerium and neodymium respectively. 
The optimum concentration of magnesium in the scrub 
alloy is that concentration for which the solute is most 
effectively reduced from the salt phase with an alloy of 
given solute concentration. The optimum is found to be from 
6 to 8%Mg for each solute and is essentially insensitive to 
either temperature or magnesium chloride concentration over 
the experimental range of these variables. At 700° C the 
Figure 10. Residual yttrium in KCl-LiCl salt phase containing 15 and 25%MgCl? 
in equilibrium at 600 and 700° C with magnesium-zinc alloys 
containing yttrium, cerium, and neodymium 
WEIGHT PERCENT YTTRIUM IN SALT PHASE 
j i i i i 11 
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Figure 11. Residual cerium in KCl-LiCl salt phase containing 15 and 25/^MgClp 
in equilibrium at 600 and 700° C with magnesium-zinc alloys 
containing yttrium, cerium, and neodymium 
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Figure 12. Residual neodymium in KCl-LiCl salt phase containing 15 and 25%MgClg 
in equilibrium at 600 and 700° C with magnesium-zinc alloys 
containing yttrium, cerium, and neodymium 
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scrub alloy was unsaturated and no sharp minimum solute 
concentrations in the salt are apparent from the curves of 
Figures 10, 11, and 12 because of the effect of solute 
dilution as additions to the metal phase were made to 
increase the magnesium concentration; however, when the 
distribution coefficients are compared for the various scrub 
alloy compositions the optimum is found to be 6 to 8%Mg. 
The optimum conditions for the reduction reaction 
equilibria are those conditions for which the solute 
concentration in the salt is a minimum for equilibrium with 
a given solute concentration in the metal phase. Lower 
temperatures and magnesium chloride concentrations promote 
more effective reduction as expected from thermodynamic 
considerations. Figure 13 gives a comparison of the computed 
(Figure 2) to experimentally observed yttrium chloride 
concentrations in KCl-LiCl-l^MgClg salt in equilibrium with 
saturated Zn-Mg solutions at 600° C. The computed curve is 
for a single-solute system, whereas the experimental curve 
is for alloys saturated with yttrium, cerium, and neodymium. 
The optimum magnesium concentration was observed to be 
7%Mg compared to 5%Mg predicted by neglecting solute inter­
action. As for single-solute data (Table 7), the multi-
solute data indicate that the reduction of yttrium from the 
salt is less favorable than predicted. In either case, the 
displacement of the theoretical curve is well within the 
possible error in the theoretical treatment. The solute 
Figure 13• Comparison of computed to experimentally 
observed residual yttrium chloride 
concentrations in KCl-LiCl-l5%MgClp salt 
in equilibrium with magnesium-zinc solutions 
saturated with yttrium, cerium, and 
neodymium at 600° C 
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loading of the scrub alloy varied from about 10% solids in 
Zn-2%Mg to 2% solids in a Zn-l4%Mg alloy. Since the shape 
of the experimental curve does not appear to be unfavorably 
distorted from that of the theoretical curve, it is concluded 
that the solute loading had no deleterious effect on the 
reduction reaction equilibria. 
Table 8 summarizes the residual solute remaining in the 
salt containing 15 and 25%MgCl^ in equilibrium with the 
scrub alloy of optimum reducing power (Zn-7%Mg) saturated 
with yttrium, cerium, and neodymium at 600° C. 
Table 8. Residual solute remaining in KCl-LiCl salt 
containing 15 and 25%MgClg in equilibrium with 
Zn-7$Mg saturated with yttrium, cerium, and 
neodymium at 600° C 
Solute Salt Phase Composition 
equilibrated MSC12 solut' 
wt. % wt. % 
Yttrium 15 0.013 
Yttrium 25 0.036 
Cerium 15 0.0004 
Cerium 25 0.0014 
Neodymium 15 0.0004 
Neodymium 25 0.0015 
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The single-solute distribution data (Table 7) for 
equilibrium between KCl-LiCl-l^MgClg and Zn-3%Mg are 
compared to the corresponding multi-solute data in Table 9« 
At 600 and 700° C, both the distribution coefficient and the 
residual solute remaining in the salt are compared. 
Table 9. Comparison of the solute remaining in the salt 
and the distribution coefficient at 600 and 700° C 
for equilibria in a KCl-LiCl-l^MgClg/Zn-S^Mg 
system containing yttrium, cerium, or neodymium 
(single-solute system) to the corresponding 
values for a combination of these solutes 
(multi-solute system) 
Equilibration Solute conc. Kd 
solute solute temp in sait % solute in sait 
system °C wt. % % solute in metal 
Y single 600 0.035 0.17 
Y multi 600 0.019 0.12 
Y single 700 0.19 0.30 
Y multi 700 0.14 0.31 
Ce single 600 0.0045 0.045 
Ce multi 600 0.0006 0.008 
Ce single 700 0.046 0.053 
Ce multi 700 0.018 0.033 
Nd single 600 0.0049 0.031 
Nd multi 600 0.0007 0.014 
Nd single 700 0.015 0.021 . 
Nd multi 700 0.012 0.023 
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The reduction reaction equilibrium for each solute is more 
favorable in the multi-solute alloy than in the single-solute 
alloy. 
The residual yttrium, cerium, and neodymium in KCl-LiCl 
salt containing from 15 to 55%MgClp in equilibrium with Zn-
l4%Mg alloys at 600 and 700° C is shown in Figures 14 and 15 
respectively. From the multi-solute, reduction reaction 
equilibria (Figure 14) and the single solute, oxidation 
reaction equilibria (Figure 8), the effect of magnesium 
chloride concentration on three fluid phase equilibria was 
estimated for cerium. Figure 16 shows the estimated effect 
of magnesium chloride concentration in KCl-LiCl salt on the 
cerium decontamination of a Mg-i+0%Th alloy at 600° C by 
recycling the salt between the Mg-i+O^Th and saturated 
Zn-l4%Mg. Large increases in the magnesium chloride 
concentration result in a small increase in the concentration 
of solute remaining in the Mg-40%Th. 
For those elements that have a low distribution 
coefficient from the Mg-40%Th alloy and are effectively 
reduced by the Zn-Mg scrub alloy, increasing the magnesium 
chloride concentration has a favorable effect on the 
oxidation reaction equilibria but an unfavorable effect on 
the reduction reaction equilibria. These opposing effects 
are of roughly equivalent magnitude so that for the 
lanthanide elements in general only a small net increase in 
Figure 14. Effect of magnesium chloride concentration at 600 C on. the 
residual solute concentration in salt for equilibrium in a 
KCl-LiCl-MgClg/Zn-l^Mg system containing yttrium, cerium, 
and neodymium 
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Figure 15. Effect of magnesium chloride concentration at 700° C on the 
residual solute concentration in salt for equilibrium in a 
KCl-LiCl-MgClg/Zn-lk-^Mg system containing yttrium, cerium, 
and neodymium 
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Figure 16. Computed effect of magnesium chloride 
concentration in salt on the cerium 
decontamination of Mg-^-O^Th at 600° C by 
recycling the salt between the Mg-^+O^Th 
and saturated Zn-l'+^Mg 
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the solute concentration of the Mg-^O^Th is expected. For 
those elements that are not significantly reduced by the 
scrub alloy — alkali, alkaline earth, and divalent rare 
earth elements — the oxidation reaction equilibrium 
controls. According to the mass action effect, one expects 
a large rate of decrease of the residual solute in the 
Mg-'+O^Th alloy with increasing magnesium chloride 
concentration. 
The fundamental criterion for selecting the magnesium 
chloride concentration must be to minimize the neutron 
absorbing power of the decontaminated alloy. The compo­
sition and properties of irradiated materials are 
dependent upon the time and conditions of irradiation and 
the subsequent cooling time before reprocessing. From these 
general considerations, the author estimates the optimum 
concentration to be in the range from 10 to 25$MgCl2 in the 
salt. 
Dynamic Extraction Experiments 
The transport of solutes from Mg-^-O^Th alloy through 
KCl-LiCl-MgClg salt to' a Zn-Mg scrub alloy was observed only 
at the optimum temperature of 600° C. The single-stage, 
batch extractor was charged with about 300, 1000, and 150 
grams of Mg-40%Th, salt, and Zn-Mg scrub alloy respectively 
for each extraction. The scrub alloy was charged to the 
stirring crucible and rotated at 120 revolutions per minute. 
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In some experiments, the tantalum stirring fins were immersed 
in the Mg-Th alloy to stir the salt/Mg-Th interface and to 
establish direct metallic contact between the metal alloys, 
while in other experiments, they were positioned above the 
interface. With the tantalum stirring fins contacting both 
alloys a direct metallic electrical path is provided which 
can affect the reactions at the salt metal interface as 
described previously. 
Extractions 1 and 2 were conducted to observe the 
transfer of a single solute — cerium — and the combined 
transfer of solutes — yttrium, samarium, cerium, and 
neodymium — in a Mg-^O^Th/KCl-LiCl-l^^MgCl^/Zn-S^Mg system 
without direct metallic contact between the metal alloys. 
In Extraction 3? with no solutes present, the transport of 
magnesium was observed between these phases with and without 
direct tantalum contact between the alloys. In Extractions 
4, 5) and 6, the multi-solute transfer of yttrium, cerium, 
and neodymium was observed in Mg-40%Th/KCl-LiCl-MgCl2/Zn-7%Mg 
systems with tantalum stirring fins-making contact between 
the two alloys. In all experiments the stirrer was rotated 
at 120 rpm to enhance mass transport. 
In Extraction 1, Mg-40%Th containing O.l^Ce was 
decontaminated with KCl-LiCl-l^MgClg salt and a Zn-3%Mg 
scrub alloy. The experimental data are presented in the 
Appendix in Table 14. Salt and Zn-Mg samples were analyzed 
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by the non-radiochemical procedure, and the solute 
concentration in the Mg-Th was determined by material 
balance. The solubility of cerium in the scrub alloy was 
not exceeded, and at 18.5 hour of equilibration more than 
93% of the cerium was accounted for in the salt and Zn-Mg 
phases. The cerium concentration in the salt and Mg-Th was 
120 and 70 ppm respectively. During the 18.5 hours, the 
magnesium concentration in the Zn-Mg phase had increased 
from 3 to about 5%Mg; only 100 and 200 ppm of thorium was 
found in the salt and Zn-Mg respectively. Analysis also 
indicated about 3^Zn in the Mg-Th phase after 18.5 hours. 
This result is believed to be too high. 
In Extraction 2, Mg-4-O^Th containing 0.1% each of 
yttrium, samarium, cerium, and neodymium was decontaminated 
with KCl-LiCl-l5%MgCl2 salt and a Zn-3^Mg scrub alloy. The 
experimental data are presented in the Appendix in Table 15. 
The solute solubility in the scrub alloy was ultimately 
exceeded resulting in the precipitation of solids. Samples 
were removed from the top of the alloy after allowing the 
solids to settle from the zinc-rich solution. Analyses of 
the salt and zinc-rich solutions were obtained by the non-
radiochemical procedure. Figures 17 and 18 show the 
composition of the zinc-rich solution at various times during 
extraction. Similiarly, Figure 19 shows the salt 
composition. The initial rare earth concentration in the 
Figure 17. Magnesium concentration in zinc-rich solution 
as a function of time during decontamination 
of Mg-40$Th containing 0.1% each of Y, Ce, Nd, 
and Sm in a Mg -i+O^Th/KC 1 -L iC 1 -15%MgCl2/Zn-3 %Mg 
system 
Figure 18. Thorium and rare earth (Y, Ce, Nd, and Sm) 
concentration in zinc-rich solution as a 
function of time during decontamination of 
Mg-l+O^Th containing 0.1% each of Y, Ce, Nd, 
and Sm in a Mg-4o%Th/KCl-LiCl-l5^MgCl2/Zn-3^Mg 
system 
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Figure 19. Thorium and rare earth (Y, Ce, M, and Sm) 
concentration in salt as a function of time 
during decontamination of Mg-40%Th containing 
0.1$ each of Y, Ce, Nd, and Sm in a 
Mg-4o^Th/KCl-LiCl-l5^MgCl2/Zn-3%Mg 
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phases was the result of pre-équilibrâtIon of cerium before 
addition of the other elements. The large concentration of 
rare earth remaining in the salt corresponds to the 
accumulation of samarium as expec-ted from its high stability 
in the salt. These curves indicate that the maximum 
decontamination of the Mg-4o^Th was attained in 8 to 9 hours. 
The analysis for the rare earths in the presence of large 
quantities of thorium proved unreliable so that the final 
composition of the Mg-Th alloy is unknown. 
In Extraction 3, the transfer of magnesium in a 
Mg-40$Th/KCl-LiCl-l5$MgCl2/Zn-7$Mg system was observed. The 
system was equilibrated for 19.6 hours with no direct 
metallic contact between metal phases. The stirring fins 
were then lowered into the Mg-Th and equilibration continued 
until 109 hours. The magnesium concentration in the Zn-Mg 
alloy at various extraction times are shown in the Appendix 
in Table 16. Essentially no transfer of magnesium was 
observed until metallic contact was established. With 
metallic contact, the alloy was enriched in magnesium at a 
rate of about 0.06$Mg per hour. 
The decontamination of Mg-4-O^Th containing about 
0.17%Y and O.ll^Nd in a Mg-40#Th/KCl-LiCl-l5#MgCl2/Zn-7#Mg 
system was observed in Extraction 4. Samples of all three 
phases were taken during extraction and analyzed radio-
chemically. The experimental data are presented in the 
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Appendix in Table 17. Figures 20, 21, and 22 show the 
solute concentration histories of the Mg-Th, salt, and 
Zn-Mg phases respectively. The maximum decontamination 
occurred in 10 hours. The yttrium and neodymium 
concentrations in the Mg-4o%Th were reduced to 13 and 19 ppm 
respectively; this corresponds to more than 98% extraction 
of each solute. Less than 1.3 grams of thorium was 
extracted in 7 hours, corresponding to a loss of 1% of the 
thorium charged. Figure 23 shows the concentration history 
of magnesium in the Zn-Mg alloy. In 10 hours, the magnesium 
concentration increased from 7 to 12%Mg. The initial rate 
of magnesium transfer was about 1.2 grams per hour and 
decreased to about 0.5 grams per hour at 10 hours of 
equilibration. 
The Zn-Mg alloy was not filtered and the points at 
which the solute concentrations leveled off with time were 
indicated in Figure 23 as the beginning of precipitation of 
intermetallic compounds. For those observations made 
before saturation of the alloy, an overall material balance 
accounts for within ±10% of each solute present. 
The decontamination of Mg-40%Th containing about 0.11% 
each of yttrium, cerium, and neodymium in a Mg-4-0%Th/KCl-
liOl-25%MgOl2/Zn~7%Mg system was observed in Extraction 5» 
Samples of the three phases were taken during extraction 
and analyzed r ad iochemic ally. The experimental data are 
Figure 20. Mg-Th phase composition as a function of time 
during decontamination of Mg-40%Th containing 
0,17fol. and O.llJ&Nd in a Mg-40%Th/KC 1 -LiC 1-
15%MgC12/Zn-7%Ug system 
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Figure 21. Salt phase composition as a function of time 
during decontamination of Mg-40%Th containing 
0.17%Y and O.ll^Nd in a Mg-40%Th/KCl-LiCl-
15%MgC12/Zn-7%Mg system 
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Figure 22. Zn-Mg alloy composition as a function of time 
during decontamination of Mg-4o%Th containing 
0.17°/ol and O.ll^Nd in a Mg-Wlh/KCl-LiCl-
!5%MgCl2/Zn-7%Mg system 
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presented in the Appendix in Table 13. Figures 24, 25, and 
26 show the concentration histories of the Mg-Th, salt, and 
Zn-Mg phases respectively. The maximum decontamination 
occurred in 8 hours. The yttrium, cerium, and neodymium 
concentrations in the Mg-40%Th were reduced to 10, 12, and 
32 ppm respectively; this corresponds to more than 98% 
decontamination. Less than 0.3 grams of thorium was 
extracted ; this corresponds to less than 0.25% loss of 
thorium charged. Figure 27 shows the magnesium concen­
tration history in the Zn-Mg alloy. In 8 hours, the 
magnesium concentration increased from 7 to 11.5%Mg. The 
transfer rate was the same as that observed in Extraction 4. 
The overall material balances using the unsaturated 
phase analyses accounts for within ±10% of the yttrium and 
cerium present; however, over 170% of the neodymium present 
was accounted for by material balance. The reported concen­
tration of neodymium in the salt appears to be high by a 
factor of two. 
The decontamination of a Mg-40%Th alloy containing 
about 0.06% each of yttrium, cerium, and neodymium in a 
Mg-40%Th/KCl-LiCl-l5%MgCl2/Zn-7%Mg system was observed in 
Extraction 6. The three phases were analyzed radio-
chemically and the experimental data are presented in the 
Appendix in Table 19• Figures 28, 29, and 30 show the 
concentration histories of the Mg-Th, salt, and Zn-Mg 
Figure 24. Mg-Th phase composition as a function of 
time during decontamination of Mg-4o%Th 
containing 0.12%Y, O.ll^Ce, O.ll^Nd in a 
Mg-40%Th/KCl-LiCl-25%MgCl2/Zn-7%Mg system 
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Figure 25. Salt phase composition as a function of time 
during decontamination of Mg-40%Th containing 
0.12J&Y, 0.11%Ce and O.llJ&Nd in a Mg-WTh/ 
KCl-LiCl-25%MgCl2/Zn-7%Mg' system 
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Figure 26. Zn-Mg alloy composition as a function of 
time during decontamination of Mg-**0$Th 
containing 0.12$Y, O.ll^Ce, and O.ll^Nd 
in a •Mg-^Th/KCl-LiCl-25jSMgCl2/Zn-7^Mg 
system 
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Figure 27. Magnesium concentration in Zn-Mg alloy as a 
function of time during decontamination of 
Mg-40$Th containing 0.12$Y, O.ll^Ce, and 
O.ll^Nd in a Mg-^0?Th/KCl-LiCl-25#MgClp/ 
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phases respectively. The maximum decontamination occurred 
in about 10 hours. The yttrium, cerium, and neodymium 
concentrations in the Mg-Th were reduced to 14, 7, and 80 
ppm respectively. After 17 hours, only 1.4- grams of thorium 
was extracted; this corresponds to about 1$ loss of the 
thorium charged. Figure 31 shows the magnesium concen­
tration history in the Zn-Mg alloy. 
In 10 hours, the magnesium concentration increased 
from 7 to 13$Mg. The transfer rate was the same as that 
observed in Extractions b and 5» The overall material 
balances, using the unsaturated phase analyses, accounts 
for within ±12$ of each solute present. 
From the dynamic extraction experiments, certain 
generalizations and recommendations can be made. Examining 
the non-equilibrium distribution coefficients for each 
salt/metal interface with varying extraction time indicates 
that the rate controlling step is diffusion at the salt/ 
Zn-Mg interface. The decrease in required extraction"time 
with increasing the magnesium chloride concentration is 
attributed to an increased rate of diffusion to the salt/ 
Zn-Mg interface due to higher solute concentration in the 
salt. Using salt containing l^MgClg (Extraction 6) about 
10 hours was required to decontaminate Mg-4-O$Th containing 
0.15$ solutes, whereas only 8 hours was required for an 
alloy containing 0.30$ solutes by using salt containing 
Figure 28. Mg-Th phase composition as a function of 
time during decontamination of Mg-40$Th 
containing 0.06$Y, 0.06$Ce, 0.05%Nd in a 
Mg-WTh/KCl-LiCl-15$MgCl2/Zn-7$Mg system 
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Figure 29. Salt phase composition as a function of time 
during decontamination of Mg-40$Th containing 
0.06%Y, 0.06$Ce, and 0.05$Wd in a 
Mg-l+0$Th/KCl-LiCl-l5$MgCl2/Zn-?$Mg system 
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Figure 30. Zn-Mg alloy composition as a function of 
• time during decontamination of Mg-4o$Th 
containing 0.06$Y, 0.06$Ce, 0.05%Nd in a 
Mg-WTh/KCl-LiCl-l5$MgCl2/Zn-7$Mg system 
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Figure 31. Magnesium concentration in Zn-Mg alloy as a 
function of time during decontamination of 
Mg-4o$Tti containing 0.06$Y, 0.06$Ce, and 
0.05$Nd in a Mg-40%Th/KCl-LiCl-l5$MgClp/ 
Zn-7$Mg system 
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25$MgClp (Extraction 5)• Over 95% of the total extraction 
occurred in 2 hours. In a commercial unit, it would be 
desirable to mechanically stir both interfaces at a speed 
of up to about 800 rpm. Furthermore, operation at around 
800° C at the onset and 600° C for final equilibration should 
enhance the rates of diffusion and reaction. 
The disparity between the rate of magnesium transfer 
with and without solutes present is not understood. In 
either case, establishing direct tantalum contact between 
the metal alloys enhances the transfer rate of all 
components as expected. In fact, applying an external 
potential between the metal alloys to increase the reaction 
rates is expected to be a fruitful area for future investi­
gation. The maximum magnesium transfer rate observed was 
1.3 grams per hour. By employing a larger amount of scrub 
alloy, the magnesium concentration could easily be 
controlled at the optimum 6 to 8$Mg and a better decon­
tamination of the Mg-4-0% attained. 
Some loss of thorium to the scrub alloy resulted from 
sampling. It was difficult to locate the stirring crucible 
in the melt, and occasionally the sampling tube was dipped 
into the Mg-Th before locating the scrub alloy. The thorium 
transfer rate was roughly equivalent to that of the fission 
product impurities so that the thorium loss was quite small. 
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The thorium and solute loading of the scrub alloy had no 
deleterious effect on the separation. 
Levels of decontamination were attained (<20 ppm) for 
each solute that were only slightly higher than those 
theoretically attainable by equilibrium multi-stage contact. 
113 
SUMMAM 
Optimum thermodynamic conditions are established for 
decontaminating impure Mg-40$Tli in a Mg-40$Th/KCl-LiCl-
MgClg/Zn-Mg system by selective oxidation-reduction 
reactions. The chlorides of the alkali and alkaline earth 
elements have high free energies of formation relative to 
magnesium chloride and are expected to concentrate in the 
salt. Yttrium and the lanthanide elements have a much 
lower affinity for the salt, but are shown to be effectively 
reduced from the salt in concentrated form by a Zn-Mg scrub 
alloy. Thus, the quantity of salt phase required for a 
given decontamination is dramatically decreased. The 
optimum reducing power of the alloy was observed at about 
7%Mg in zinc. Large quantities of these impurities were 
extracted into the scrub alloy without adversely effecting 
its reducing power. Both the reduction and oxidation reaction 
equilibria are more favorable at lower temperatures. The 
optimum magnesium chloride concentration in the salt phase 
is found to be dependent on the impurity composition of the 
Mg-Th alloy. Increasing the magnesium chloride concen­
tration .promotes oxidation but impedes reduction. For most 
effective decontamination, those elements that concen­
trate in the salt require high magnesium chloride concen­
tration and those that concentrate in the scrub alloy 
require a low concentration. Clearly, for a given 
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decontamination, increasing the salt to Mg-Th weight ratio 
allows lower magnesium chloride concentration. It is 
estimated that from 10 to 25$MgClp will permit practical 
process design for thorium blanket materials. For a 
Mg-40$Th/KCl-LiCl-l5$MgCl2/Zn-7$Mg system at 600° C, 
decontamination of yttrium, cerium, and neodymium to 37, 
4, and 5 ppm respectively are expected from equilibrium 
data. 
Simultaneous contact of the salt with the two metal 
alloys was demonstrated in a single-stage batch extractor. 
Decontamination levels of less than 20 ppm were attained for 
yttrium, cerium, and neodymium in less than 10 hours. The 
extraction rate of thorium is essentially equivalent to 
that of the impurities so that thorium loss was very small. 
However, a relatively large rate of transfer of magnesium 
to the scrub alloy occurred. The concentration of magnesium 
in the Zn-Mg can be controlled by adjusting the initial 
concentration and the phase weight. Dynamic extraction 
experiments indicate that the required decontamination time 
can be significantly reduced by improvements in process 
design. 
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APPENDIX 
Table 10-A. Initial charge and thermal history of micro-scale Equilibrations 
1 to 13 
Equillbration Settling Metal Charge Salt Charge 
no. solute temp. time time solute Zn Mg Th KCl-LiCl MgCl2 
°C hrs. hrs. grams grams grams grams grams grams 
1 Nd 600 9.5 4.5 0.019 » — — 11.8 7.76 17.2 3.18 
2 Nd 700 10.5 10.5 0.026 — — — 12.2 8.28 17.2 3.15 
3 Sm 600 17.0 6.3 0.023 — 12.3 8.32 16.7 2.99 
4 Sm 700 17.5 6.3 0.022 — — — 12.0 7.96 17.0 3.01 
5 Ce 600 10.0 1.0 0.023 13.4 8.87 32.0 5.93 
6 Y 600 10.3 12.0 0.164 19.4 0.602 — — — 17.0 3.00 
7 Y 700 6.3 4.8 0.167 19.8 0.594 — — — 16.8 3.03 
8 Ce 600 13.5 5.5 0.169 19.1 0.603 — 17.0 3.06 
9 Ce 700 5.0 1.0 0.166 19.6 0.611 — — — 17.1 3.00 
10 Nd 600 9.3 12.0 0.152 
i—
I o
 
O
J 
0.185 — — — 17.1 3.08 
11 Nd 700 8.0 4.5 0.153 19.3 0.623 — — — 16.8 2.86 
12 Sm 600 10.0 4.5 0.160 18.9 0.612 — — — 17.1 2.90 
13 Sm 700 7.8 4.5 0.161 19.3 0.594 — — — 16.9 2.98 
Table 10-B. Analysis of phases from micro-scale Equilibrations 1 to 13 
Equilibration Sait Phase Zn-Me Phase Me-Th Phase 
no. solute solute Mg Th solute Mg solute 
wt. % wt. % wt. % wt. fo wt. % wt. fo 
1 Nd 0.0660 3.92 0.0910 —  — —  —  —  —  0.028 
2 Nd 0.116 4.96 0.0709 — — — — — — 0.011 
3 Sm 0.155 4.16 0.0589 —  — —  — 0.0002 
4 Sm 0.121 4.55 0.0862 —  — —  — 0.0002 
5 Ce 0.0542 4.00 0.0266 —  —  "  — 0.0119 
6 Y 0.0350 3.83 — 0.331 2.49 —  —  —  
7 Y 0.187 3.78 0.634 2.39 
8 Ce 0.0045 3.92 — — — 0.573 2.50 —  
9 Ce 0.0462 4.79 —  — —  0.870 0.67 — — — 
10 Nd 0.0049 3.94 —  —  —  0.545 3.44 — — — 
11 Nd 0.0015 3.75 — — — 0.722 2.64 
12 Sm 0.684 3.62 —  —  —  0.0424 2.99 — 
13 Sm 0.746 3.88 — — «" 0.0319 2.73 — — — 
The composition of Mg-Th phase was determined by material balance except 
for Equilibration Number 5 where phase compositions were determined by radio­
chemical analysis and 98.8 percent of the cerium charged was accounted for by 
analysis. 
Table 11. Analysis and description of samples removed in macro-scale 
Equilibrations 14 to 22 
Equilibration Sample Description Sample Analysis 
no. temp. 
°C 
phase 
removed 
depth 
in phase 
weight 
grams 
MgClp 
wt. 
Ce 
wt. % 
14 700 salt 
Mg-Th 
middle 
middle 
2.43 
3.11 
14.9 0.0487 
0.0152 
15 600 salt 
Mg-Th 
middle 
middle 
1.60 
3.05 
24.8 0.0449 
0.00466 
16 700 salt 
Mg-Th 
Mg-Th 
middle 
top 
bottom 
2.26 
3.91 
3.76 
24.5 0.0453 
0.00650 
0.00650 
17 700 salt* 
salt 
Mg-Th 
middle 
middle 
middle 
3.61 
2.46 
4.03 
35.2 
35.1 
0.0385 
0.0386 
0.0033 
The initial charge consisted of 516.5 grams of salt (438.7 KG1-44.5$ 
LiCl; TY.SMgClg) and 304 grams of metal (303•7 Mg-40$Th; 0.3075 Ce). 
Additions of MgClg were made before Equilibrations 15, 17, 19, and 
21, and were 68.7, 89.4, 122.1, and 176.7 grams respectively. 
% 
Sampled before setting. 
Table 11 (Continued). 
Equilibration Sample Description Sample Analysis 
no. temp. 
°C 
phase 
removed 
depth 
in phase 
weight 
grams 
MgClp 
wt. °/o~ 
Ce 
wt. % 
18 600 salt top 2.03 34.7 0.0389 
salt bottom 2.50 35.2 0.0386 
Mg-Th middle 3.11 0.00265 
19 600 salt top 3.07 44.9 0.0292 
salt bottom 3.06 t+5.3 0.0292 
Mg-Th top 1.86 — — — 0.00150 
20 700 salt** middle 1.46 45.2 0.0295 
salt middle 1.20 45.6 0.0295 
salt middle 1.51 45.1 0.0296 
Mg-Th middle 1.50 — — — 0.00169 
21 700 salt top 2.58 54.4 0.0227 
salt bottom 2.12 55J4 0.0233 
Mg-Th middle 2.19 — — — 0.00117 
22 600 salt top 2.28 0.0664 
salt middle 1.82 55.4 0.0244 
salt bottom 2.58 55.2 0.0231 
Mg-Th middle 1.14 — *- •» 0.00119 
Mg-Th bottom 3.81 — — — 0.00122 
Salt sampled after 0.5, 2, and 3 hours at temperature. 
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Table 12-A. Materials added to the initial charge and 
nominal composition of the phases in macro-
scale Equilibrations 23 to 42 
Equilibration Materials added Nominal compositions 
no. temp. 
°C 
Mg 
grams 
Zn 
grams 
MgClg 
grams 
metal phase 
wt. $Mg 
salt phase 
wt. $Mg012 
23 600 * * * 2 15 
24 700 —  —  —  —  —  —  —  —  —  2 15 
25 700 11.98 37.40 —  —  —  4 15 
26 600 —  —  —  
—  —  —  —  — —  4 15 
27 600 14.07 36.08 —  —  —  6 15 
28 700 —  —  —  —  —  —  
—  — —  6 15 
29 700 33.77 65.47 —  —  —  10 15 
30 600 —  —  —  —  —  —  
— — — 10 15 
31 600 20.56 29.32 — — — 12 15 
32 700 — —  —  —  12 15 
33 700 22.00 28.08 —  14 15 
34 600 —  —  —  —  —  —  —  —  —  14 15 
35 600 —  —  —  —  — —  83.3 14 25 
36 700 —  —  —  —  — —  —  —  —  14 25 
37 700 — —  — —  109.0 14 35 
38 600 — —  —  —  —  —  —  14 35 
39 600 —  —  —  —  — —  1^ 9.5 14 45 
40 700 — ~ —  —  —  14 4-5 
4l 700 —  —  —  —  —  —  215.O 14 55 
42 600 —  —  —  
—  —  —  —  —  —  14 55 
* 
The initial charge consisted of 628.2 grams of salt 
(534.0 KC1-44.5%LiCl; 94.2 MgClg) and 506.0 grams of metal 
(497.1 Zn-1.999%Mg; 3.202 Y; 2.940 Ce; 2.736 Nd) and 
materials were added to the salt and metal phases as listed 
in the above table. 
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Table 12-B. Analysis and weight of salt samples removed in 
macro-scale Equilibrations 23 to 42 
Equilibration Weight Salt Phase Analysis 
no. temp. 
°C 
sample 
grams 
MgCl? 
wt. % 
Y 
wt. % 
Ce 
wt. % 
Nd 
WT. fo 
23 600 2.12 14.7 0.0212 0.0007 0.0008 
24 700 2.19 14.7 0.1881 0.0232 O.OI65 
25 700 2.97 14.8 0.1360 0.0140 0.0098 
26 600 1.89 14.8 0.0224 0.0005 0.0006 
27 600 3.62 14.7 0.0132 0.0003 0.0004 
28 700 4.61 14.6 0.0758 0.0083 0.0061 
29 700 4.54 14.6 0.0609 0.0075 0.0056 
30 600 3.40 14.8 0.0219 0.0007 0.0007 
31 600 3.08 14.7 0.0255 0.0012 0.0009 
32 700 3.85 14.7 0.0583 0.0080 0.0058 
33 700 3.08 14.8 0.0527 0.0087 0.0059 
34 600 6.07 14.8 0.0356 0.0025 0.0018 
35 - 600 6.86 25.7 0.0566 0.0045 0.0031 
36 700 2.76 25.6 0.1185 0.0212 0.0143 
37 700 2.82 23.9 0.1533 0.0355 0.0224 
38 600 1.10 37.0 0.1099 0.0152 0.0092 
39 600 3.29 45.6 0.1062 0.0123 0.0090 
40 700 4.24 46.2 0.1565 0.0452 0.0277 
41 700 1.18 56.2 0.1767 0.0783 0.0452 
42 600 2.91 57.0 0.1284 0.0265 0.0169 
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Table 13-A. Materials added to the initial charge and 
nominal composition of the phases in macro-
scale Equilibrations 43 to 60 
Equilibration Materials added Nominal compositions 
no. temp. 
°C 
Mg 
grams 
Zn 
grams 
MgClg 
grams 
. metal phase 
wt. $Mg 
salt phase 
wt. %MgCl2 
43 600 * * * 2 25 
44 700 —  —  —  —  —  —  —  — —  2 25 
4 5 700 12.20 38.36 —  — —  4 25 
46 600 —  —  —  —  —  —  —  — —  4 25 
47 600 13-99 36.72 —  —  —  6 25 
48 700 —  —  —  —  —  —  —  —  —  6 25 
49 700 34.11 66.21 —  —  —  10 25 
50 600 —  —  —  —  —  —  —  —  —  10 25 
51 600 19-98 29-99 —  —  —  12 25 
52 700 —  —  —  —  —  —  —  —  —  12 25 
53 700 21.78 28.08 —  —  —  14 25 
5V 600 —  — —  —  — —  —  —  —  14 25 
55 600 —  — —  —  — —  104.5 14 35 • 
56 700 —  — —  —  —  —  14 . 35 
57 700 —  —  —  —  —  —  i4i. 5 14 45 
58 600 —  —  —  —  — —  —  14 45 
59 600 —  —  —  —  — —  205-5 14 55 
60 700 —  —  —  T—— —  14 55 
*The initial charge consisted of 676.4 grams of salt 
(507.3 KC1-44.5^LiCl; 169.1 MgClp) and 519.4 grams of metal 
(509-6 Zn-2.006jgMg; 3-090 Y; 3-937 Ce; 2.818 Nd) and 
materials were added to the salt and metal phases as listed 
in the above table. 
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Table 13-B. Analysis and weight of salt samples removed 
in macro-scale Equilibrations *+3 to 60 
Equilibration Weight Salt Phase Analysis 
no. temp. 
°C 
salt 
grams 
MgCl2 
Wt. fo 
Y 
Wt. fo 
Ce 
wt. fo 
Nd 
wt. % 
43 600 4.12 24.0 0.0577 0.0026 0,0027 
44 700 3.62 24.0 0.2132 O.O5O7 0.0312 
45 700 4.07 24.2 0.1356 0.0246 0.0197 
46 600 3.59 23.7 0.0471 0.0021 0.0019 
47 600 3.74 24.6 0.0423 0.0015 0.0015 
48 700 3.35 24.6 o.llll 0.0212 0.0148 
49 700 1.49 24.3 0.0940 0.0237 0.0142 
50 600 2.84 24.5 0.0408 0.0026 0.0023 
51 600 3.53 24.3 0.0427 0.0045 0.0024 
52 700 3.60 24.6 0.0943 0.0249 0.0150 
53 700 2.23 24.5 0.0931 0.0267 0.0156 
54 600 4.69 24.7 0.0548 0.0065 0.0045 
55 600 2.13 35.2 0.0780 0.0123 0.0075 
56 700 4.65 35.2 0.1279 0.0464 0.0260 
57 700 ' 2.05 45.9 0.1462 0.0742 0.0404 
58 600 7.32 46.4 0.1013 0.0246 0.0127 
59 600 6.69 55.7 0.0948 0.0257 0.0135 
60 700 11.46 56.9 0.1516 0.0932 0.0506 
Table 13-C. Analysis and weight of metal samples* removed in macro-scale 
Equilibrations 43 to 60 
Equilibration Weight Metal Phase Analysis 
no. temp. metal Mg Zn Y Ce Nd 
°C grams wt. % wt. % wt i % wt. % W t .  fo 
43 600 2.76 2.16 98.09 0.1432 0.0814 0.0557 
44 700 10.81 2.02 98.21 0.3188 0.6247 0.4334 
45 700 —  —  —  —  —  —  — — — —  —  —  —  —  —  — — — 
46 600 2.32 4.32 96.02 0.2010 0.0842 0.0486 
47 600 10.62 6.23 94.19 0.1864 0.0928 0.0557 
48 700 2.24 5.90 94.09 0.4118 0.6770 0.4643 
49 700 8.42 9.84 88.67 0.3187 0.5103 0.3449 
50 600 11.20 10.48 91.03 0.2180 0.1122 0.0794 
51 600 7.76 12.53 87.39 0.2356 O.I75O 0.1158 • 
52 700 9.12 11.70 86.89 0.3440 0.5686 0.3801 
53 700 6.69 14.11 85.35 0.3009 0.5108 0.3602 
54 600 2.98 14.30 86.18 0.2484 0.2622 0.1831 
55 600 —  —  —  —  —  —  —  —  —  —  — —  —  — —  —  —  —  
56 700 —  —  —  —  —  — —  —  — —  —  —  —  
57 700 —  —  —  —  —  —  —  —  —  — — — —  —  —  —  —  —  
3^6 
At 600° C the metal phase analysis represents the saturated zinc-rich-
solution composition obtained by filtering the magnesium-zinc alloys. 
Table 13-C (Continued). 
Equilibration Weight Metal Phase Analysis 
no. temp. metal Mg Zn Y Ce Nd 
°C grams wt. % wt. % wt. % wt. % wt. % 
58 600 0.59 —- —- 0.1983 0.2602 0.1844 
60 700 12.31 13.50 87.30 0.1661 0.3789 0.2870 
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Table 13-D. Percent of solute present which was accounted 
for by material balance* for Equilibrations 
44, 48, 49, 52, 53, and 60 
Equilibration Percent accounted for 
no. temp. 
°C 
Y 
wt. % 
Ce 
wt. % 
Nd 
wt. % 
total 
wt. % 
44 700 100 91 88 93 
48 700 106 109 104 106 
49 700 94 96 90 94 
52 700 105 112 104 108 
53 700 100 108 106 105 
60 700 101 105 102 103 
* o At 700 C all phases were unsaturated and an overall 
material balance was made and compared to the total solute 
present (solute initially charged minus solute removed in 
samples). 
1 
Table 14-, Phase compositions and weight of samples removed at various times 
during Extraction 1 
Time Sample Phase Compositions 
in 
hours 
weight 
grams 
phase Mg 
wt. % 
Th 
wt. % 
Ce 
wt. % 
Zn 
wt. % 
0 —  —  —  Zn-Mg 3.00 0 0 —  —  —  
0 — salt 3.82 0 0 —  — —  
0 —  —  —  Mg-Th 59.9 40.0 0.100 —  — —  
1.67 10.01 Zn-Mg 4.75 0.0001 0.0005 —  — —  
2.53 11.82 Zn-Mg 4.76 0.0094 0.0570 —  —  —  
2.75 2.90 salt 3.82 0.0028 0.0145 —  —  —  
— — — —  Mg-Th 52.6 40.0 0.0272 —  —  —  
18.25 7.72 Zn-Mg 4.98 0.0196 0.1350 — —  
18.38 3.51 salt 5.73 0.0099 0.0122 
18.50 2.90 Mg-Th 52.6 39.8 0.0071 3.19? 
The initial charge consisted of 308.7 grams of impure Mg-Th phase 
(308.4 Mg-40$Th; 0.3100 Ce), 1058 grams of salt phase (899.3 KC1-
44.5%LiCl; 158.8 MgClp), and 129.1 grams of Zn-Mg phase (125.2 Zn; 
3.872 Mg). 
*The solute concentration of the salt and Zn-Mg phases were determined by 
non-radiochemical analysis and Mg-Th phase determined by material balance. 
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Table 15. Analysis* and description of samples removed 
at various times during Extraction 2 
Time Samnle Sample Analysis 
weight phase Mg Zn Th solute 
hours grams wt. % W t .  fo wt. fo wt. fo 
0 6.00 Zn-Mg 3.92 — — — 0.0030 0.0193 
0 3.08 salt 3.75 — —— 0.0014 0.0031 
0 3.1+5 Mg-Th —  —  —  — — — — — — — 
1 5.54 Zn-Mg 4.07 — — — O.O5O8 0.0915 
1 2.06 salt 3.96 * 0.0563 0.0658 
1 1.88 Mg-Th —  —  —  — — — —  —  —  —  
3 4.72 Zn-Mg 4.85 —  —  —  0.0747 0.1096 
3 2.39 salt 3.86 0.0550 0.0472 
3 4.31 Mg-Th —  —  —  — —  — — —  
• 6 5.42 Zn-Mg 4.51 0.955 0.0488 0.1366 
6 2.67 salt 3.92 —  — —  0.0443 0.0332 
6 3.39 Mg-Th —  —  —  —  —  —  —  —  —  
13 5.61 Zn-Mg 4.13 0.953 0.0377 0.1655 
13 3.22 salt 3.32 — — — 0.0453 0.0353 
13 3.87 Mg-Th — — — — — — — — — — — •* 
The initial charge consisted of 308.9 grams of 
impure Mg-Th phase (308.6 Mg-40^Th; 0.3100 Ce), 
1033 grams salt phase (878.0 KC1-44.5$LiCl; 
155.0 MgClg), and 129.9 grams of Zn-3.00%Mg 
which was equilibrated for 17 hours before 
initiating Extraction 2 (time zero) by adding 
13.40 grams of impure Mg-40$Th (12.44 Mg-40%Th; 
0.3201 Nd; 0.3189 8m; 0.3207 Y). 
Mg-Th phase analyses were unreliable. 
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Table 16. Magnesium composition of Zn-Mg phase at times 
during Extraction 3 
Extraction Sample Analysis 
time weight Mg 
hours grams wt. % 
3 
13.3 
16.8 
19.6 
37.0 
44.7 
50.7 
60.3 
63.2 
91.8 
109.0 
4.03 
2.64 
1.97 
2.57 
.2.98 
3.09 
3.17 
5.65 
1.81 
2.97 
2.08 
7.22 
7.01 
7.23 
7.13 
7.81 
8.35 
8.58 
8.86 
9.26 
10.86 
11.72 
The initial charge consisted of 180.8 grams of Mg-4o$Th, 
1064 grams of KCl-LiCl-l5%MgCl2, and 103.6 grams of 
Zn-7$Mg. After 19.6 hours of equilibration direct 
metallic contact was established between the metal 
alloys. 
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Table 17. Analysis and description of samples removed 
during Extraction 4 
Time Sample Phase Analysis 
hours 
weight 
grams 
phase Y 
W t .  fo 
Nd 
wt. fo 
MS 
wt. fo 
Th 
wt. fo 
0.50 0.99 Zn-Mg 0.0028 0.0037 7.2 7 —  —  —  
2.44 salt 0.0392 0.0200 —  —  —  —  — —  
0.71 Mg-Th 0.0331 0.0344 —  —  —  —  —  —  
0.78 1.92 Zn-Mg 0.0141 0.0207 —  — —  —  —  —  
1.34 salt 0.0435 0.0205 — —  —  —  
2.09 Mg-Th 0.0056 0.0203 —  — —  —  —  —  
1.33 1.76 Zn-Mg 0.0862 0.0767 —  —  —  0.1229 
0.94 salt 0.0400 0.0184 —  — —  —  —  —  
0.73 Mg-Th 0.0045 0.0130 —  —  —  —  —  —  
1.65 4.41 Zn-Mg 0.0986 0.0766 8.25 —  —  —  
1.05 salt 0.0363 0.0164 —  —  —  —  — —  
2.93 Mg-Th 0.0039 0.0098 —  —  —  —  — —  
2.00 2.92 Zn-Mg 0.1388 0.1298 —  —  —  —  
1.68 salt 0.0348 0.0144 —  — —  —  — —  
1.56 Mg-Th 0.0031 0.0082 —  —  —  
2.32 2.96 Zn-Mg 0.1517 0.1408 —  —  —  —  —  —  
2.58 salt 0.0344 0.0124 —  —  —  —  —  —  
4.74 Mg-Th 0.0027 0.0073 —  —  —  —  
2.8 7 2.21 Zn-Mg 0.1446 0.0979 9.27 0.1892 
3.07 salt 0.0296 0.0099 —  — —  —  — —  
2.99 Mg-Th 0.0020 0.0064 —  — —  —  —  —  
3.42 —  —  —  Zn-Mg — — — —  —  —  — — —  —  —  
1.06 salt 0.0273 0.0080 —  —  —  —  — —  
10.64 Mg-Th 0.0015 0.0053 —  —  —  —  — —  
4.28 5.24 Zn-Mg 0.1910 0.1136 — 
4.83 salt 0.0166 0.0048 —  —  —  —  
4.80 Mg-Th 0.0020 0.0045 —  — *  —  —  —  —  
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Table 17 (Continued). 
Time Sample Phase Analysis 
hours 
weight 
grams 
phase Y 
wt. % 
Nd 
wt. % 
Mg 
wt. % 
Th 
wt. % 
5.58 3.12 Zn-Mg 0.2481 0.1742 —  —  —  —  — —  
2.22 salt 0.0213 0.0035 —  —  —  —  —  —  
3.26 Mg-Th 0.0039 0.0064 —  —  —  —  —  —  
6.93 4.62 Zn-Mg 0.2727 0.2041 10.63 0.9255 
2.00 salt 0.0369 0,0026 —  —  —  
3.22 Mg-Th 0.0016 0.0030 —  —  —  —  —  —  
8.25 4.66 Zn-Mg 0.2240 0.1273 —  — —  —  —  —  
11.66 salt 0.0111 0.0017 —  —  —  —  •  —  
1.29 Mg-Th 0.0032 0.0023 — — — —  —  —  
10.08 6.17 Zn-Mg 0.1873 0.0796 —  —  —  —  
1.29 salt 0.0166 0.0010 —  —  —  —  
1.46 Mg-Th 0.0020 0.0021 — — — —  —  —  
14.92 2.28 Zn-Mg 0.0054 0.0045 —  —  —  * ™  
1.86 salt 0.0164 0.0007 —  —  — —  
1.46 Mg-Th 0.0019 0.0030 —  —  —  —  — —  
20.25 1.46 Zn-Mg 0.2313 0.1367 15.50 —  — —  
3.44 salt 0.0163 0.0008 —  —  —  —  —  —  
4.36 Mg-Th 0.0013 0.0018 —  —  —  —  — —  
22.57 1.12 Zn-Mg 0.2304 0.1453 —  — —  1.393 
2.36 salt 0.0164 0.0009 —  —  —  — 
1.62 Mg-Th 0.0009 0.0020 —  —  —  
The initial charge consisted of 300.3 grams of 
impure Mg-40%Th (299.4 Mg-40%Th; 0.5011 Y; 
0.3377 Nd), 1017 grams of salt (864.5 KC1-44.5#LiCl; 
152.5 MgClg), and 152.1 grams of Zn-7$Mg. 
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Table 18. Analysis and description of samples removed 
during Extraction 5 
Time Sample Phase Analysis 
hours 
weight 
grams 
phase Y 
wt. % 
Ce 
wt. % 
Nd 
wt. % 
Mg 
wt. % 
Th 
wt. % 
0.38 3.82 Zn-Mg 0.0395 0.0725 0.0805 —  —  —  
1.86 salt 0.0166 0.0159 0.0303 —  — —  —  —  —  
4.74 Mg-Th 0.0216 0.0213 0.0207 —  —  —  —  —  ^  
0.82 4.50 Zn-Mg 0.0471 0.1165 0.1093 7.29 —  — —  
4.19 salt 0.0188 O.OI69 0.0339 —  —  —  —  —  —  
3.81 Mg-Th 0.0122 0.0123 0.0165 —  —  —  —  —  —  
1.35 2.27 Zn-Mg 0.0626 0.1572 0.1570 —  —  —  0.0915 
3.25 salt 0.0197 0.0155 0.0321 — — — 
1.86 Mg-Th 0,0009 0.0039 0.0076 — —  — —  
1.73 3.00 Zn-Mg 0.0708 0.1826 0.1767 7.82 —  —  —  
3.54 salt 0.0197 0.0138 0.0275 —  —  —  —  —  —  
5.37 Mg-Th O.OO5O 0.0023 0.0055 —  —  —  —  
2.03 2.09 Zn-Mg 0.0885 0.2350 0.2241 — — — —  
4.15 salt 0.0177 0.0105 0.0221 —  —  —  —  —  —  
5.68 Mg-Th 0.0069 0.0026 0.0055 —  — —  —  — —  
2.33 1.86 Zn-Mg 0.0934 0.2211 0.2115 — — — —  — —  
2.78 salt 0.0159 0.0087 0.0174 — — — —  —  —  
3.88 Mg-Th 0.0024 0.0035 O.OO65 —  —  —  —  —  —  
2.58 2.44 Zn-Mg 0.0978 0.2045 0.1946 8.90 0.1128 
2.26 salt 0.00139 0.0077 0.0148 —  —  —  —  —  —  
2.00 Mg-Th 0.0016 0.0029 0.0059 — —  —  —  
3.22 3.43 Zn-Mg 0.1249 0.3504 0.2701 —  — —  — — — 
0.73 salt 0.0162 0.0073 0.0136 —  — —  — — — 
10.84 Mg-Th 0.0016 0.0015 0.0037 —  — —  — 
3.95 3.77 Zn-Mg 0.0840 0.1766 0.1632 —  —  —  —  —  —  
1.64 salt 0.0157 O.OO65 0.0113 —  —  —  —  — —  
3.89 Mg-Th 0.0035 0.0021 0.0046 —  —  —  —  —  —  
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Table 18 (Continued). 
Time Sample Phase Analysis 
hours 
weight 
grams 
phase Y 
wt. % 
Ce 
wt. % 
Nd 
wt. % 
Mg 
wt. fo 
Th 
wt. fo 
4.90 4.52 Zn-Mg 0.1098 0.2636 0.2044 —  —  —  —  — —  
1.53 salt 0.0158 0.0052 0.0091 —  —  —  —  —  —  
2.14 Mg-Th 0.0016 0.0011 0.0033 —  —  —  —  —  —  
5.68 1.13 Zn-Mg 0.0858 0.1856 0.1780 10.61 0.1612 
1.78 salt 0.0157 0.0044 0.0084 —  —  —  —  — —  
5.13 Mg-Th 0.0019 0.0013 0.0033 — — — 
6.98 1.60 Zn-Mg 0.1069 0.2534 0.2442 —  
3.13 salt 0.0150 0.0037 0.0013 —  —  —  —  —  —  
0.88 Mg-Th 0.0011 0.0011 0.0032 —  — —  —  —  —  
8.33 1.28 Zn-Mg 0.1230 0.2980 0.2894 —  —  —  — — — 
3.04 salt 0.0146 0.0031 0.0062 —  — —  —  — —  
2.19 Mg-Th 0.0010 0.0012 0.0033 — — — —  —  —  
10.67 2.58 Zn-Mg 0.0954 0.2011 0.1873 12.25 0.2713 
3.15 salt 0.0163 0.0038 0.0041 —  —  —  —  
3.26 Mg-Th 0.0009 0.0006 0.0026 —  —  —  —  —  —  
16.40 —  —  —  Zn-Mg —  —  —  — — — —  —  —  —  —  —  — 
1.41 salt 0.0135 0.0016 0.0161 —  — —  —  — —  
3.58 Mg-Th 0.0006 0.0005 0.0024 —  —  —  —  —  —  
The initial charge consisted of 302.0 grams of 
impure Mg-40#Th (301.0 Mg-40^Th; 0.3511 Y; 0.3303 Ce; 
0.3268 Nd), 1128 grams of salt (847 KC1-44.5#LiCl; 
282 MgClg), and 149.1 grams of Zn-7% Mg. 
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Table 19. Analysis and description of samples removed 
during Extraction 6 
Time Sample Phase Analysis 
hours 
weight 
grams 
phase Y 
wt. % 3- • 
0
 
"
ïa
0 Nd 
wt. % 
Mg 
wt. % 
Th 
wt. % 
0.53 3.34 Zn-Mg 0.0021 0.0090 0.0092 —  —  —  —  —  —  
2.31 salt 0.0107 0.0095 0.0096 —  —  —  
1.58 Mg-Th 0.0279 0.0145 0.0238 —  —  —  — — — 
0.86 2.86 Zn-Mg 0.0115 0.0206 0.0301 7.77 — 
3.32 salt 0.0105 0.0094 0.0094 —  — —  —  —  —  
0.30 Mg-Th 0.0210 0.0087 0.0190 —  —  —  —  
1.23 1.42 Zn-Mg 0.0203 0.0276 0.0281 —  —  —  0.1213 
3.50 salt 0.0114 0.0091 0.0090 —  —  —  —  —  —  
2.15 Mg-Th 0.0177 0.0054 0.0143 —  —  —  —  —  —  
1.60 5.22 Zn-Mg 0.0209 0.0310 0.0330 7.87 —  —  —  
3.99 salt 0.0111 0.0075 0.0077 —  —  —  —  —  —  
1.54 Mg-Th 0.0042 0.0035 0.0126 —  —  —  —  —  —  
1.94 4.29 Zn-Mg 0.0287. o.o4i5 0.0445 —  —  —  — —  
2.80 salt 0.0107 0.0062 0.0063 —  —  —  — — — 
1.94 Mg-Th — — — 0.0026 0.0113 —  — —  — 
2.25 3.94 Zn-Mg 0.0218 0.0494 0.0518 —  —  —  —  —  —  
2.97 salt 0.0095 0.0053 0.0053 —  —  —  — — — 
2.74 Mg-Th 0.0026 0.0022 0.0104 —  —  —  —  —  —  
2.58 4.90 Zn-Mg 0.0372 0.0449 0.0496 8.89 0.1024 
3.17 salt 0.0092 0.0042 0.0040 —  —  —  —  — —  
3.26 Mg-Th 0.0054 0.0018 0.0092 —  —  —  —  — —  
3.03 2.43 Zn-Mg 0.0511 0.0592 0.0624 —  —  — —  
2.42 salt 0.0085 0.0034 0.0031 —  —  —  —  —  —  
8.59 Mg-Th 0.0010 0.0014 0.0084 —  *  —  —  —  —  
3.55 1.62 Zn-Mg 0.0450 0.0405 0.0436 —  —  —  — 
3.64 salt 0.0080 0.0028 0.0026 —  —  —  —  — —  
2.33 Mg-Th 0.0013 0.0012 0.0106 —  —  —  —  —  —  
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Table 19 (Continued). 
Time Sample Phase Analysis 
hours 
weight 
grams 
phase Y 
wt. % V
 
Nd 
wt. i 
Mg 
wt. i 
Th 
wt. % 
4.40 3.88 Zn-Mg 0.0518 0.0461 0.0503 —  —  —  —  
3.62 salt 0.0069 0.0019 0.0018 —  —  —  —  
3.02 Mg-Th 0.0014 0.0008 0.0095 —  —  —  —  
5.19 3.01 Zn-Mg 0.0515 0.0449 0.0498 11.27 0.4755 
3.37 salt 0.0067 0.0017 0.0016 —  —  —  
5.96 Mg-Th 0.0029 0.0009 0.0102 —  —  —  — 
6.04 2.41 Zn-Mg 0.0558 0.0346 0.0380 —  —  —  —  
3.25 salt 0.0066 0.0014 0.0013 —  — —  —  —  —  
1.36 Mg-Th 0.0018 0.0008 0.0082 —  —  —  —  —  —  
6.93 0.92 Zn-Mg 0.0619 0.0503 0.0562 —  —  —  — — — 
3.87 salt 0.0059 0.0012 0.0011 —  —  —  —  —  —  
2.17 Mg-Th 0.0017 0.0008 0.0097 —  —  —  —  — —  
8.24 1.68 Zn-Mg 0.0564 0.0372 0.0428 —  —  —  —  — —  
6.33 salt 0.0057 0.0009 0.0080 —  — —  —  
8.02 Mg-Th 0.0007 0.0007 0.0084 —  —  —  — — — 
9.59 4.13 Zn-Mg 0.0610 0.0435 0.0486 12.83 —  —  —  
3.26 salt 
Mg-Th 
0.0054 0.0008 0.0071 —  —  —  
11.22 2.27 Zn-Mg 0.0768 0.0972 0.1121 —  —  —  
4.03 salt 0.0059 0.0010 0.0084 —  — —  — 
10.62 Mg-Th 0.0013 0.0007 0.0075 —  — —  —  —  —  
17.29 0.90 Zn-Mg. 0.0499 0.0410 0.0472 —  —  —  1.351 
3.24 salt 0.0059 0.0009 0.0075 —  —  —  0.0105 
5.78 Mg-Th 0.0017 0.0009 0.0078 —  —  —  —  —  —  
The initial charge consisted of 300.2 grams of impure 
Mg-WTh (299.7 Mg-40#Th; 0.1777 Y; 0.1797 Ce; 
0.1606 Nd), 1056 grams of salt (897.6 KC1-44.5%LiCl; 
158.4 MgCl2), and 150.0 grams of Zn-7%Mg. 
